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RÉSUMÉ
Au cours des dernières années, nos connaissances concernant le 
développement fonctionnel de l’estomac humain ont progressé de façon 
significative. L’estomac humain joue un rôle clé dans la digestion des 
triglycérides, cette fonction étant assumée par la lipase gastrique (HGL). En 
conditions normales, HGL est requise afin d’assurer une lipolyse intestinale 
optimale. De plus, l’importance de cette enzyme digestive est mise en évidence 
dans des situations pathologiques associées à l’insuffisance pancréatique (fibrose 
kystique, pancréatite). Les principaux objectifs du présent travail visaient 
l’établissement de nouveaux modèles épithéliaux et l’identification des facteurs 
impliqués dans la régulation de l’expression de la lipase gastrique humaine.
Dans un premier temps, nous avons établi et caractérisé deux modèles 
cellulaires dérivés de l’épithélium gastrique. Tout d’abord, l’étude de l’expression
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de marqueurs fonctionnels dans quatre lignées gastriques cancéreuses a permis 
d’identifier la lignée gastrique NCI-N87 comme modèle prometteur. En effet, cette 
lignée se distingue par sa capacité de former une monocouche dense (jonctions 
adhérentes spécialisées), d’offrir un maintien de l’intégrité cellulaire suite à 
l’atteinte de la confluence, d’exprimer la protéine MUC6 ainsi que de synthétiser 
et sécréter des niveaux significatifs de HGL. Paralelement, l’addition d’une 
solution non enrymatique Matrisperse à des expiants fœtaux humains a permis de 
générer des cultures primaires gastriques représentatives de l’épithélium intact 
(60% cellules à mucus, 25% cellules principales, 5% cellules pariétales, sous 
population de cellules mitotiques). Nos résultats démontrent que les cellules 
principales produisent et sécrètent efficacement du pepsinogène (Pg5) et de la 
lipase (HGL).
Dans un second volet, l’utilisation des expiants gastriques fœtaux nous a 
permis d’établir la distribution spécifique des différentes laminines (LNs) et de 
leurs récepteurs intégrines au cours du développement. Nos résultats ont démontré 
que les sous-unités a6 et (31 sont distribuées de façon ubiquiste le long de l’axe 
foveolus-glande. En comparaison, a3 et (34 sont associées aux cellules mucigènes 
de l’épithélium de surface et fovéolaire alors que l’expression de la sous-unité oc2 
montre un gradient croissant vers la base des glandes. Ainsi, nos données ont 
suggéré une fonction complexe et spécialisée de l’intégrine a2(31 dans la 
différenciation et/ou le maintien des cellules épithéliales glandulaires. Toujours à
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l’aide du modèle de culture organotypique nous avons poursuivi des études sur les 
mécanismes régulateurs de la synthèse de la lipase afin de préciser les effets du 
facteur de croissance épidermique (EGF). Nos travaux ont établi que l’EGF et son 
homologue TGFa régularisent l’expression des ARNm-HGL de façon négative. 
De plus, nous avons démontré que ce mécanisme implique, en partie, la voie 
intracellulaire des p42/44MAPK. Bien que ces données s’avèrent importantes pour 
la compréhension de la régulation des fonctions digestives, la culture 
organotypique ne permet pas de disséquer complètement les mécanismes 
régulateurs agissant au niveau cellulaire. En conjonction, nos travaux réalisés sur 
les cultures primaires gastriques ont aussi démontré que l’addition d’EGF induisait 
une diminution des niveaux d’HGL. De plus, ces données ont clairement établi 
que les effets d’EGF observés sur les expiants résultaient d’une action directe sur 
les cellules épithéliales.
Dans un troisième temps, tout en illustrant le potentiel du modèle de culture 
primaire de cellules épithéliales gastriques normales, nos résultats ont établi que 
les laminines et le facteur de croissance transformant-beta 1 (TGFpi) ont un 
impact direct sur le statut fonctionnel des cellules principales. En effet, nous 
avons montré pour la première fois, que la présence simultanée de ces deux 
composantes régularise de façon positive l’expression de HGL. De plus, ces 
résultats démontrent l’implication de la sous-unité ct2 des intégrines dans ce 
processus régulateur. Finalement, nos travaux établissent que le maintien de la
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polarisation cellulaire ainsi que l’expression des fonctions digestives (HGL) 
requiert l’action synergique des laminines de la lame basale et du facteur 
transformant-beta 1 et que ce processus implique, en partie, l’intervention de 
l’intégrine a2pl et les cascades intracellulaires des MAPKs p44/42 et p38.
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1I-INTRODUCTION
1 Morphogenèse de l’estomac fœtal humain
Comparativement aux rongeurs, le développement de la muqueuse 
gastrique fœtale humaine se produit très tôt au cours de l’ontogenèse. En effet, 
dès la S6"10 semaine de gestation, l’épithélium gastrique stratifié ou pseudo-stratifié 
est constitué presqu’exclusivement de cellules in-différenciées (Ménard et 
Arsenault, 1990; Montgomery, 1999; Karam et al., 1997; Karam, 1999). Ces 
cellules épithéliales non différenciées sont caractérisées par une importante 
quantité de glycogène au niveau des régions infra- et supra nucléaires. Dès la
1 l eme semaine, au niveau du fundus et du corps de l’estomac, de petits bourgeons 
glandulaires apparaissent et les premières cellules épithéliales différenciées sont 
présentes à la base de ces pré-glandes. En parallèle, la zone proliférative se 
concentre rapidement au niveau de la région de l’isthme. Ainsi l’épithélium 
stratifié est progressivement remplacé par un épithélium simple cylindrique 
caractéristique de l’estomac adulte. Par la suite, les glandes croissent à partir des 
ces bourgeons épithéliaux; cette croissance épithéliale corrèle avec une importante 
prolifération cellulaire (Ménard et Arsenault, 1990).
2 Caractérisation fonctionnelle de l’épithélium gastrique.
La muqueuse gastrique est revêtue d’un épithélium simple qui se 
différencie et se renouvelle de façon continuelle selon une cascade d’événements
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FIGURE-1
L’unité fonctionnelle de la muqueuse gastrique est représentée par l’axe 
foveolus-glande. Au niveau de cet épithélium, le renouvellement constant des 
cellules épithéliales est sous le contrôle d’un patron migratoire bidirectionel. Les 
cellules prolifératives qui quittent la région de l’isthme et entreprennent une 
migration ascendante pourront atteindre le compartiment fovéolaire où sont 
retrouvées les cellules à mucus de surface. Une migration descendante des cellules 
prolifératives mènera à l’apparition des cellules à mucus au niveau du collet ou 
encore aux populations de cellules principales et pariétales restreintes au niveau de 
la base de la glande.
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2bien précise. Au niveau de l’estomac adulte, ce processus de renouvellement 
cellulaire est rapide (3-5 jours) et celui-ci s’effectue le long d’une unité 
morphologique unique nommée l’axe foveolus-glande (Helander, 1981). Cette 
unité fonctionnelle est constituée de cinq compartiments distincts: l’épithélium de 
surface, le foveolus, l’isthme, le collet et la base de la glande (voir figure-1). 
Chacun des ces compartiments renferme des populations cellulaires différentes. En 
effet, les cellules souches pluripotentes sont localisées dans la région de l’isthme 
et assurent le renouvellement cellulaire de tout l’épithélium (Rubin et al., 1968; 
Karam et Leblond, 1993a; Karam, 1995).
Figure-1
Surface
ï Mucus Foveolus
? IsthmeSouches
Collet
Principales
PariétalesV - «a
Foetal Adulte
Les travaux pionniers de Karam et Leblond ont contribué à l’élaboration du 
modèle de ‘filiation cellulaire’ lors du renouvellement épithélial gastrique. Ainsi, 
une compréhension des processus dynamiques régulant la prolifération, la
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3migration et la différenciation à l’intérieur de l’unité fonctionnelle gastrique a été
décrite par diverses propriétés morphologiques et physiologiques des cellules
épithéliales gastriques (Karam et Leblond, 1993b-d). Par conséquent, les cellules
souches prolifèrent, migrent et se différencient suivant l’axe foveolus-glande.
Contrairement à l’intestin, les cellules épithéliales gastriques qui quittent la zone
proliférative peuvent migrer de façon bidirectionnelle (ascendante ou
descendante). Ainsi, la décision de s’engager dans l’une ou l’autre des voies de
*
migration a un impact direct sur la détermination et la différenciation cellulaire. A 
la sortie de l’isthme, le processus complexe de différenciation mène à l’apparition 
de divers types cellulaires épithéliaux gastriques (Karam, 1999). De ces 
populations épithéliales, on retrouve les cellules à mucus de surface exprimant la 
mucine de type-5 ou MUC5 (De Bolos et al., 1995; Ho et al., 1995), les cellules à 
mucus du collet exprimant la mucine de type-6 ou MUC6 (Byrd et al., 1997; 
Bartman et al., 1998), les cellules pariétales sécrétant l’acide chlorhydrique 
(Lorenz et Gordon, 1993), les cellules principales produisant le pepsinogène 
fùndique et la lipase (Ménard et al. 1995), et enfin les cellules endocrines (Arnold 
et al., 1992). Les cellules différenciées sont donc retrouvées au niveau des régions 
de l’épithélium de surface, du foveolus et de la glande.
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FIGURE-2
L’épithélium gastrique renferme différentes populations de cellules 
épithéliales spécialisées. L’acquisition des ces fonctions spécifiques résulte d’une 
coopération entre les facteurs de croissance et leurs récepteurs ainsi que certaines 
composantes de la matrice extracellulaire différentiellement distribuées le long de 
l’axe foveolus-glande. Marqueurs fonctionnels: HK: H+-K+ATPase; HGL: lipase 
gastrique humaine; Pg5: pepsinogène type-5; Muc5: mucine type-5. Récepteurs: 
EGF: facteur de croissance épidermique; HGF: facteur de croissance des 
hépatocytes; IGF: facteur de croissance insulinique; KGF: facteur de croissance 
des kératinocytes. Laminines: LN1; laminine-1/10; LN2: laminine-2; LN5: 
laminine-5.
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La récente caractérisation fonctionnelle de la muqueuse de l’estomac démontre 
que dès la ÎS61"6 semaine de gestation, la glande gastrique fœtale est représentative 
de la glande adulte (Ménard et Arsenault, 1990). En effet, les différents 
compartiments sont déterminés (voir figure-2), tous les types cellulaires sont 
présents ainsi que les marqueurs épithéliaux fonctionnels (Tremblay et al., 1997; 
Basque et Ménard, 2000). De plus, la distribution des composantes de la matrice 
extracellulaire a aussi été établie (Tremblay et Ménard 1996). Malgré le fait que 
la glande fœtale est bien plus petite que la glande gastrique adulte (voir figure-1), 
cette dernière exhibe les caractéristiques fonctionnelles adultes. Par conséquent, 
T épithélium gastrique fœtal humain représente un excellent modèle expérimental 
pour l’étude de la régulation du développement et/ou du maintien des fonctions 
digestives gastriques.
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53 La lipase gastrique humaine
En plus d’agir comme réservoir pour les aliments de la diète, l’estomac est 
aussi responsable de la sécrétion de plusieurs composés luminaux tels mucus, 
acide chlorhydrique, pepsinogène et lipase (Defize et al., 1984; Finks et al., 1985). 
Une fonction importante de la sécrétion gastrique en réponse à la prise de 
nourriture implique la digestion des protéines. Ce processus nécessite la relâche de 
pepsinogène des glandes gastriques (Szecsi, 1992). Une classe de pepsinogènes 
(Pgl-5) est prédominante chez les mammifères et est responsable d’initier la 
protéolyse du collagène. Chez l’humain, le pepsinogène-5 (Pg5) est 
spécifiquement synthétisé et sécrété par les cellules principales zymogéniques de 
la muqueuse fundique (Moreau et al., 1988).
Les lipides sont aussi une composante majeure de la diète, ceux-ci agissant 
comme source d’énergie et représentant les constituants intégraux des membranes 
cellulaires de l’organisme. En situations physiologiques normales, l’initiation de 
la digestion des lipides diététiques au niveau de l’estomac est un pré-requis afin 
d’assurer une lipolyse intestinale optimale (Gargouri et al., 1986). Chez l’humain, 
cette fonction spécifique est prise en charge par la présence d’une lipase présente 
dans l’estomac (Moreau et al., 1988). La lipase gastrique humaine (HGL) est 
constituée d’une chaine polypeptidique de 379 acides aminés possédant un poids 
moléculaire apparent de 49000 Daltons (Bodmer et al., 1987). Cette enzyme 
digestive est active à pH acide et elle est résistante à l’environnement acide de la 
lumière gastrique ainsi qu’à l’action des protéases. De plus, l’activation de HGL
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6ne requiert pas la présence de sels biliaires ni de co-facteurs (Carey et al., 1983; 
Carrière et al., 1993).
Il a été démontré qu’en présence des fonctions pancréatiques normales, les 
produits résultant de l’hydrolyse de la lipase gastrique (acides gras libres et 2- 
monoglycérides) facilitent la lipolyse subséquente des triglycérides au niveau 
intestinal par la lipase pancréatique (Gargouri et al., 1986). Par contre, en 
conditions d’insuffisance pancréatique physiologique (enfants prématurés ou 
nouveau-nés) et pathologique (fibrose kystique, pancréatite), l’importance de HGL 
devient cruciale en assumant un rôle non négligeable dans la digestion des 
triglycérides de la diète (Abrams et al., 1987; Hamosh et al., 1981). Par exemple, 
au cours de la période fœtale et néonatale, la synthèse de sels biliaires ainsi que 
celle de la lipase pancréatique est faible, et parfois même inexistante (Watkins, 
1975). De là l’importance du rôle compensatoire de HGL. De plus, dans le cas de 
fibrose kystique ayant comme symptôme l’insuffisance pancréatique (absence de 
lipase pancréatique) 50-70% des triglycérides sont absorbés suite à la lipolyse 
résultant de l’action de la lipase gastrique (Abrams et al., 1987; Gargouri et al., 
1986).
3.1 Distribution cellulaire du pepsinogène et de la lipase gastrique
Afin d’établir l’implication des enzymes digestives de l’estomac dans 
l’assimilation des nutriments, plusieurs travaux ont centré leur intérêt sur 
l’identification de l’origine cellulaire du pepsinogène et de la lipase gastrique.
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7Des résultats obtenus chez différents mammifères carnivores (chien, chat) 
établissent que le pepsinogène est produit par les cellules principales à la base des 
glandes fundiques (Carrière et al., 1992; Descroix-Vagne et al., 1993) alors que la 
lipase gastrique est localisée dans les cellules à mucus du compartiment 
fovéolaire. Chez ces deux espèces, aucune co-localisation du pepsinogène et de la 
lipase gastrique n’a été rapportée au niveau de la muqueuse gastrique. En 
comparaison, des études immunocytochimiques effectuées sur des biopsies 
gastriques de lapin démontrent de façon non équivoque que le pepsinogène et la 
lipase gastrique sont distribués dans deux populations zymogéniques distinctes. 
Les cellules principales produisant le pepsinogène sont retrouvées dans la partie 
inférieure des glandes, alors que celles synthétisant la lipase sont restreintes au 
tiers supérieur de ces mêmes glandes gastriques (Moreau et al., 1990).
Dû aux difficultés qu’impliquent l’expérimentation in vivo et au manque 
d’organes préduodénaux, nos connaissances concernant l’origine véritable de la 
lipase gastrique chez l’humain sont longtemps demeuré limitées. Les travaux 
pionniers de l’équipe de Verger ont clairement établi que l’activité lipolytique 
mesurée dans le jus gastrique humain était uniquement produite par la muqueuse 
fundique (Moreau et al., 1988). De plus, au moyen de l’immunofluorescence 
indirecte à l’aide d’anticorps polyclonaux dirigés contre le pepsinogène-5 (Pg5) et 
la lipase gastrique, les résultats du même groupe ont indiqué que HGL était 
toujours co-localisée avec Pg5 dans les cellules principales au niveau de la 
muqueuse fundique (Moreau et al., 1988). Ces importantes découvertes ont établi
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8l’existence d’une caractéristique unique pour la muqueuse gastrique adulte 
humaine concernant la distribution cellulaire du pepsinogène et de la lipase 
gastrique.
3.2 Ontogenèse de la lipase gastrique humaine
Quelques études concernant la présence d’activité lipolytique dans le jus 
d’aspirats gastriques d’enfants prématurés et de nouveaux-nés ont été rapportées 
(Hamosh et al., 1981; Lee et al., 1993). Cependant, la distribution des enzymes 
digestives ainsi que la capacité sécrétoire de la muqueuse gastrique humaine en 
développement demeuraient à être examinées. Les travaux menés par l’équipe de 
Ménard en 1995 ont établi que l’activité HGL est présente à la ÎO6"16 semaine de 
gestation dans des estomacs fœtaux humains (Ménard et al., 1995). De plus, cette 
activité augmente progressivement jusqu’à la 20ieme semaine pour atteindre 30% 
de l’activité lipase retrouvée chez l’adulte. D’autres résultats récents avaient 
démontré un gradient de distribution décroissant allant du fundus vers la région de 
l’antre pylorique, confirmant le patron d’activité lipase retrouvé chez l’adulte 
(Ménard et al., 1995).
La mise en culture d’expiants gastriques fœtaux humains a démontré une 
augmentation considérable de l’activité totale de HGL (tissu + milieu) pendant 24 
heures de culture (Ménard et al., 1995). De façon surprenante, les auteurs ont 
rapporté une très forte sécrétion enzymatique dans le milieu, accompagnée d’une 
baisse de l’activité tissulaire. Dans la littérature, plusieurs études sur la sécrétion
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9de la lipase gastrique ont été réalisées, notamment chez le chien (Carrière et al.,
1992), le lapin (Finks et al., 1985) et l 'humain (Denigris et al., 1985). Ces travaux 
ont permis de reconnaître la cholécystokinine-8 et le carbachol comme 
sécrétagogues de la lipase. Cependant, à notre connaissance, aucune donnée n’est 
disponible concernant les mécanismes de régulation de l’expression de la lipase 
gastrique. De plus, aucun travail sur l’implication de modulateurs possibles de la 
synthèse de HGL n’a été rapporté.
4 Modèle de culture organotypique
Au cours de la dernière décennie, les études portant sur l’identification et la 
caractérisation de modulateurs impliqués dans le développement fonctionnel de 
l’estomac humain ont nécessité l’établissement de modèles in vitro. L’application 
de la culture organotypique à partir de biopsies d’estomac adulte demeure très 
limitée. Un obstacle majeur de ce système réside dans la sécrétion importante 
d’acide chlorhydrique (HC1). En effet, cette production de HC1 réduit 
considérablement l’intégrité et la viabilité tissulaire (Donaldson et Kapadia, 1980). 
Par conséquent, le statut fonctionnel de la muqueuse gastrique n’est maintenu que 
pendant six à vingt-quatre heures de culture.
Dans l’estomac humain en développement, bien que les cellules pariétales 
expriment la pompe acidogénique H+K+ATPase tôt au cours de l’ontogenèse (Lee 
et al., 1974), leur fonction sécrétoire s’activera seulement en période postnatale 
(Grand et al., 1976; Kelly et Brownlee, 1993). Ainsi la problématique de HC1 ne
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s’applique pas chez le fœtus humain. En 1993, le groupe de Ménard a mis au 
point une méthode de culture organotypique utilisant un milieu complètement 
défini pour des expiants gastriques fœtaux humains (Ménard et Arsenault., 1993). 
Ce nouveau modèle de culture in vitro permet une préservation morphologique et 
physiologique de la muqueuse gastrique jusqu’à quinze jours de culture. Ainsi, 
l’architecture glandulaire, la morphologie des différents types cellulaires, la 
prolifération (synthèse ADN et protéique) et la différenciation fonctionnelle 
(synthèse de mucus et d’enzyme digestives) sont maintenues. Un autre avantage 
de cette technique réside dans l’utilisation d’un milieu de culture Leibovitz-L15 ne 
nécessitant pas la présence de sérum. Ayant un milieu défini, ceci offrait 
l’opportunité d’identifier les effets directs d’hormones et de facteurs de croissance. 
Il faut cependant réaliser que cette méthodologie ne permet pas de disséquer les 
interactions cellule-cellule et cellule-matrice extracellulaire dans les réponses 
observées.
5 Modèles cellulaires gastriques existants
Le contrôle de la prolifération, migration et différenciation des cellules 
épithéliales gastriques implique de multiples processus hautement régularisés. 
Ceux-ci sont à la fois coordonnés par plusieurs hormones et facteurs de croissance 
ainsi que par des interactions cellule-cellule et cellule-matrice extracellulaire 
(Jonhson, 1985; Ménard, 1989; Yoshida et al., 1990; Virtanen et al., 1995).
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L’établissement de modèles cellulaires adéquats s’avère nécessaire afin 
d’identifier les régulateurs spécifiques des fonctions épithéliales gastriques et leurs 
mécanismes d’action. Puisqu’aucun modèle normal et représentatif de 
l’épithélium gastrique in vivo n’existait, la plupart des études ont été réalisées sur 
des cultures primaires générées à partir de modèles animaux (Sanders et al., 1983; 
Terano et al., 1982; Rattner et al., 1985). La tentative de produire des cultures 
primaires à partir de cellules isolées par technique de ‘scrapping’ résulte en une 
population mixte de cellules épithéliales gastriques qui sont rapidement envahies 
par la division des cellules mucigènes (Terano et al., 1982; Fukamachi et al.,
1994). De plus, l’approche enzymatique (dispase, pronase, collagénase ou 
hyaluronidase) permet de générer des suspensions de cellules composées 
presqu’exclusivement de cellules à mucus (Fujiwara et al., 1995; Takahashi et al.,
1995). En plus de nécessiter la présence d’un substrat biologique favorisant leur 
attachement, ces cultures primaires sont caractérisées par l’absence systématique 
de cellules principales. Plus récemment, des expériences in vitro, ont rapporté la 
purification de populations cellulaires principales et pariétales (Chew 1994; Defize 
and Hunt, 1986; Heim et al., 1997). Bien que ces préparations homogènes ont 
servi à vérifier les effets de sécrétagogues sur la relâche de HC1 et de pepsinogène, 
leur survie réduite en culture s’est avérée limitante pour l’étude des mécanismes 
régulant l’expression des fonctions digestives gastriques.
Considérant la grande difficulté pour l’établissement de lignées normales 
dérivées de la muqueuse gastrique humaine, les données traitant des mécanismes
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cellulaires impliqués dans le contrôle de la différenciation fonctionnelle gastrique 
sont pratiquement inexistantes. Au cours des années, de nombreuses lignées 
cancéreuses ont été générées à partir de carcinomes gastriques humains (Smith, 
1979; Mahara et al., 1994). Malheureusement, la majorité des ces lignées 
cancéreuses n’ont été utilisées que pour l’étude des fonctions biologiques 
rattachées à la régulation de la prolifération tumorale (Yoshida et al., 1990; Hattori 
et al., 1990; Guo et al., 1993). Ainsi, l’utilité potentielle de ces lignées gastriques 
cancéreuses comme modèle expérimental pour élucider les processus contrôlant la 
différenciation fonctionnelle gastrique n’a jamais été examinée.
6 Régulateurs du développement fonctionnel
Plusieurs facteurs sont susceptibles d’influencer la prolifération, la 
différenciation et la survie des cellules épithéliales. De ceux-ci, on retrouve les 
facteurs de croissance et hormones qui sont considérés comme éléments essentiels 
pour la culture cellulaire. De plus, les composants de la matrice extracellulaire 
(ECM) permettent de reproduire partiellement le micro environnement cellulaire; 
ceux-ci agissent de concert avec les facteurs de croissance pour promouvoir le 
maintien des processus physiologiques épithéliaux.
6.1 Le facteur de croissance épidermique
Le facteur de croissance épidermique (EGF) est l’un des facteur de 
croissance les mieux caractérisés. Celui-ci est constitué d’une chaîne
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polypeptidique de 53 acides aminés. Son abondance a été démontrée dans la 
salive, le sérum et le lait maternel (Gregory et al., 1979; Carpenter, 1980). 
D’autres travaux ont établi que les glandes de Brunner, les glandes salivaires ainsi 
que les glandes mammaires représentent les sources majeures pour l’EGF (Heitz et 
al., 1978; Kasselberg et al., 1985). De plus, l’homologue d’EGF, le facteur de 
croissance transformant alpha (TGFa) a été reconnu comme produit des 
membranes extra embryonnaires chez l’humain (Stromberg et al., 1982; Chia et 
al., 1995). Par conséquent, ces données ont mené à l’hypothèse que les membres 
de la famille EGF pourraient être impliqués au cours du développement 
embryonnaire ainsi que la morphogenèse du tube digestif (Chailler et Ménard, 
1999).
Au niveau de l’estomac, des études ont établi l’implication d’EGF dans le 
maintien de l’intégrité de la muqueuse gastrique grâce à ses effets sur la protection 
et la réparation cellulaire (Olsen et al., 1984; Konturek et al., 1991). Chez 
l’humain, l’EGF est considéré comme inhibiteur de la sécrétion acide (Konturek et 
al., 1989). De plus, la présence du récepteur d’EGF a été établie dans la muqueuse 
gastrique. Par immunofluorescence indirecte et autoradiographies, des travaux ont 
démontré l’existence d’un patron d’expression différentiel dans l’estomac en 
développement comparativement à l’adulte (Tremblay et al., 1997). En effet, des 
résultats ont montré la présence du récepteur dès la 10e semaine de gestation, alors 
que la muqueuse gastrique est bordée d’un épithélium stratifié indifférencié. À 
des stades de développement plus tardifs, tout les types épithéliaux retrouvés le
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long de l’axe foveolus-glande expriment le récepteur d’EGF (Tremblay et al., 
1997; Basque et Ménard, 2000). Par conséquent, il apparaît plausible que le 
récepteur d’EGF et ses ligands exercerait un large éventail d’activités biologiques 
au cours de l’ontogenèse.
Dans la littérature, quelques travaux seulement ont été consacrés à l’étude 
du rôle du système EGF/TGFa et de leur récepteur dans le tissu gastrique humain. 
Dans notre laboratoire, des résultats obtenus à l’aide de tissus gastriques fœtaux 
humains maintenus en culture ont démontré que l’EGF stimulait la synthèse 
d’ADN (incorporation de HJ-thymidine) (Ménard et Arsenault, 1990) ainsi que la 
synthèse glycoprotéique (incorporation de HJ-glucosamine) (Ménard et Arsenault,
1993). D’autres données ont indiqué que l’EGF causait une diminution de 
l’activité lipase sans affecter celle du pepsinogène. Ces observations corrèlent 
avec l’expression ubiquiste du récepteur d’EGF dans la muqueuse gastrique fœtale 
humaine (Tremblay et al., 1997). Ces travaux supportent donc l’hypothèse 
impliquant les ligands dans une variété de réponses contribuant à la différenciation 
et/ou au maintien des populations cellulaires gastriques. De plus, ces données 
appuient le concept d’un processus régulateur différentiel pour l’expression des 
enzymes digestives gastriques (Pg5 et HGL).
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6.2 Le facteur de croissance transformant bêta
La super famille du facteur de croissance transformant bêta (TGFP) est 
composée de plusieurs cytokines multifonctionnelles incluant les TGF(3s, 
activines, inhibines, protéines morphogénétiques osseuses (BMPs) et myostatine 
(Kingsley, 1994; Hogan, 1996; Roelen et al., 1997). Certains travaux ont 
démontré que le TGFP joue un rôle clé au cours du développement embryonnaire 
(Goumans et al., 1999). De plus, celui-ci pourrait s’avérer important à des stades 
de développement tardifs et même dans le tissu adulte. Le TGFP agit comme 
inhibiteur de la croissance dans plusieurs types cellulaires, incluant les cellules 
épithéliales (Roberts and Spom, 1990; Miyazono et al., 1994). Les facteurs 
‘TGFP-like’ sont produits sous forme de précurseurs dimériques et ceux-ci sont 
activés par un processus protéolytique (Kingsley, 1994). Les formes sécrétées des 
facteurs ‘TGFP-like’ se lient à deux types de récepteurs sérine/thréonine kinase 
(Heldin et al., 1997; Zhang and Derynck, 1999). Le récepteur de type-II est 
constitutivement actif. Suite à la liaison de son ligand, ce dernier active le 
récepteur de type-I par phosphorylation au niveau du domaine juxtamembranaire. 
Enfin le récepteur de type-I est responsable de l’activation de substrats 
intracellulaires (Miyazono, 2000). La signalisation par le TGFP est régularisée de 
façon étroite par de multiples mécanismes au niveaux extracellulaire, 
membranaire, cytoplasmique et nucléaire (Spom et Roberts, 1992; Hartsough et 
Mulder, 1997).
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Chez les mammifères, il existe trois isoformes du TGFP (TGFJ3-1, -2 et -3). 
Bien que ces facteurs montrent des patrons d’expression différentiels in vivo, leurs 
actions biologiques sont toutefois similaires (Roberts and Spom, 1992). Des 
études ont démontré les effets régulateurs du TGF(31 sur une variété de types 
cellulaires en agissant par des mécanismes autocrine et paracrine (Moses et al., 
1990; Spom et Roberts, 1992). Le TGFP est à l’origine du contrôle 
transcriptionnel de différents gènes de la matrice extracellulaire et promouvoit 
ainsi l’adhésion, la migration ainsi que la prolifération cellulaire en conditions 
physiologiques et pathologiques. En effet, on considère le TGFP comme étant un 
médiateur efficace de la régulation de l’expression des protéines matricielles, en 
particulier la synthèse des laminines de la lame basale (Bamard et al., 1990; 
Rajagopal et al., 1999). Dans la littérature, aucun patron uniforme d’expression 
génique de la laminine n’a été mis en évidence suite à un traitement au TGFpi. 
Cette divergence a été principalement attribuée à la variabilité des types cellulaires 
étudiés ainsi que la nature des chaînes de la laminine. Par exemple, dans des 
cellules endothéliales de rongeurs une augmentation importante des niveaux du 
messager de la laminine-1 par le TGFpi a été rapportée (Neubauer et al., 1999). 
Parallèlement, dans des lignées épithéliales pulmonaires de rats traitées au TGFpi, 
des analyses Northern ont révélé une stimulation significative de l’expression de 
la chaîne P2 de la laminine (Kumar et al., 1995). D’autres travaux ont démontré 
une régulation à la hausse des gènes a3, P2 ety2 de la laminine-5 en présence du
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TGFpl dans des lignées cellulaires de kératinocytes (Korang et al., 1995). Une 
stimulation similaire de l’expression génique de la laminine-5 a aussi été observée 
dans la lignée épithéliale cancéreuse gastrique STMK-1 (Mizushima et al., 1996). 
Des données ont démontré que dans la lignée cancéreuse colonique Moser, le 
TGFpi pouvait induire l’adhésion cellule-matrice extracellulaire et du même coup 
supprimer le phénotype malin de ces cellules épithéliales (Chakrabarty, 1992). De 
plus, des constructions antisenses dirigées contre les trois chaînes de la laminine-1 
suffisent à perturber la synthèse du trimère normalement induite par le TGFpi 
(Rajagopal et al., 1999), bloquant ainsi l’habilité de ce facteur de croissance à 
régulariser à la hausse la liaison de la laminine à son récepteur membranaire. 
Toutes ces observations sur la régulation des laminines ont donc suggéré une 
implication potentielle du TGFpi dans les processus de réépithélisation et de 
restitution épithéliale (Ryan et al., 1994; Zhang et Kramer, 1996; Kainulainen et 
al., 1998).
Il est bien reconnu que le TGFP module aussi la différenciation cellulaire 
épithéliale. Au cours du développement morphogénique des glandes mammaires, 
la différenciation terminale des cellules lactogéniques alvéolaires requiert un arrêt 
de prolifération des cellules ductales environnantes. Ce processus complexe 
semble étroitement lié à la présence du TGFpi et de la laminine-1 (Silberstein et 
al., 1992). De plus, de récents travaux réalisés sur des cellules épithéliales 
glandulaires sous-mandibulaires ont clairement démontré l’existence d’une
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coopération entre Fisoforme (33 du TGFP et la laminine-1 dans le maintien de 
structures sphériques multicellulaires ainsi que dans le contrôle de l’expression 
génique tissu- spécifique de la cystatine (Hoffinan et al., 1996). Cependant, 
l’implication directe de ce facteur de croissance dans le développement 
fonctionnel de F épithélium gastrique humain demeure à être examinée.
63 Les Iaminines et leurs récepteurs intégrines
La lame basale (BM) est une région spécialisée de la matrice 
extracellulaire, celle-ci étant constituée principalement de collagène de type IV et 
de Iaminines (Timpl, 1989; Paulsson, 1992). En plus d’exercer un rôle mécanique 
de support pour les cellules, la lame basale de concert avec d’autres éléments 
participent directement au contrôle de l’expression différentielle de gènes associés 
à un phénotype cellulaire particulier (Streuli et al., 1991; Vachon et Beaulieu, 
1995; Hoffinan et al., 1996).
La laminine (LN) consiste en un hétérotrimère composé de deux chaînes 
légères de 205 et 215 kD ainsi qu’une chaîne lourde de 400 kD (Beck et al., 1990; 
Engel, 1992). L’identification de chaînes variantes a révélé que la forme dite 
‘classique’ de la laminine (a ip iy l) n’est en fait qu’un membre d’une famille 
d’hétérotrimères structurellement apparentés (Paulsson, 1992; Engvall, 1993). La 
chaîne a  est une sous-unité variante, l’association des chaînes (31, yl et la chaîne 
a2 homologue forment l’hétérotrimère appelé laminine-2 ou mérosine (cc2(31yl).
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Des données immunohistochimiques ont révélé que l’expression des différentes 
chaînes de la laminine montre des profils spécifiques dans certains tissus ainsi 
qu’au cours de certains stades du développement (Ekblom et al., 1998). Certaines 
chaînes de la laminine apparaissent indispensables au développement 
embryonnaire. Par conséquent, une régulation fine et précise doit contrôler 
l’expression génique spatio-temporelle de ces protéines (Galliano et al., 1995). 
Des progrès significatifs ont d’abord été réalisés dans la compréhension du 
processus d’assemblage des différentes chaînes des Iaminines en molécules 
trimériques, ensuite sur leurs mécanismes de protéolyse et de sécrétion ainsi que 
sur les interactions avec leurs récepteurs membranaires (Durkin et al., 1996). 
Cependant, nos connaissances sur l’organisation génomique et la nature des 
facteurs de transcription impliqués dans la régulation de ces Iaminines demeurent 
fragmentaires.
Au niveau de l’intestin humain, plusieurs observations ont suggéré que la 
différenciation ainsi que la maturation de l’épithélium dépendaient étroitement des 
interactions cellulaires qui s’exercent avec les Iaminines retrouvées au niveau de la 
lame basale (Beaulieu et Vachon, 1994; Vachon et Beaulieu, 1995). En effet, 
l’analyse de l’expression de la laminine-1/10 (Tani et al., 1999) a démontré une 
distribution préférentielle de celle-ci au niveau de l’épithélium villositaire (cellules 
différenciées), alors que pour la première fois, une localisation restreinte de la 
laminine-2 (mérosine) a été observée au niveau des crytes (compartiment 
prolifératif). Par conséquent, ces résultats ont identifié la laminine comme
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régulateur potentiel de la différenciation entérocytaire. Dans la lignée cellulaire 
Caco-2 (cellules cancéreuses du côlon), l’expression de la laminine-1/10 a révélé 
une déposition cumulative de cette composante matricielle en fonction de 
l’acquisition du statut différencié entérocytaire. De plus, ces travaux ont permis 
de mettre en évidence une étroite relation entre l’induction du marqueur de 
différenciation ‘sucrase-isomaltase’ et la distribution hétérogène et transitoire de la 
laminine-1/10 (Vachon et Beaulieu, 1995). L’utilisation du modèle Caco-2 a 
permis de démontrer un effet inducteur spécifique de la laminine-1 sur l’apparition 
des enzymes de la bordure en brosse (sucrase-isomaltase et lactase). Enfin, la 
démonstration d’une distribution restreinte de la laminine-1/10 au niveau de la 
villosité et une localisation préférentielle de la laminine-2 au niveau de la crypte 
intestinale a permis de proposer l’existence d’une modulation de la différenciation 
entérocytaire par des changements dans la nature des constituants de la lame 
basale.
D’autres études récentes ont démontré une distribution ubiquiste de la 
laminine-1/10 le long de l’axe foveolus-glande dans l’estomac adulte (Virtanen et 
al., 1995) ainsi que fœtal humain (Tremblay et Ménard, 1996). En comparaison, 
la laminine-2 montre une distribution beaucoup plus restreinte, celle-ci étant 
associée aux glandes en formation tandis que chez l’adulte, sa localisation est 
confinée à la base des glandes (Tremblay et Ménard, 1996; Virtanen et al., 1995). 
Tout comme dans l’intestin, ces observations ont suggéré l’existence d’une 
contribution réciproque des laminines-1/10 et -2 dans les processus de
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prolifération et/ou de différenciation épithéliaux qui s’exercent le long de l’axe 
foveolus-glande.
Une étape déterminante concernant la communication entre une cellule 
épithéliale et son environnement requiert la liaison d’un élément particulier de la 
lame basale à un récepteur membranaire spécifique. Les médiateurs principaux 
des interactions cellule-matrice extracellulaire sont les récepteurs 
hétérodimériques de type intégrines. Ceux-ci sont composés de sous unités a  et p. 
À ce jour, 18 chaînes a  et 8 chaînes P ont été identifiées (Humphries, 1990; 
Hynes, 1992). En dépit du nombre important d’hétérodimères ap potentiels 
pouvant exister à la surface membranaire, les cellules vont utiliser un répertoire 
assez limité. En plus de posséder la capacité de lier les cellules à leur 
environnement extracellulaire, les intégrines renferment aussi un domaine 
cytoplasmique qui leur confère une fonction de signalisation intracellulaire leur 
permettant d’activer différentes cascades. Aussi, leur domaine cytoplasmique joue 
un rôle structural essentiel car il permet l’interaction avec le cytosquelette 
permettant ainsi de régulariser l’adhésion, la migration et la morphologie cellulaire 
(Colognato et al., 1999; Hynes, 1999). La spécificité de liaison du domaine 
extracellulaire des intégrines est largement déterminée suite à la conformation 
adoptée par les chaînes a  et P qui forment le complexe (Chan et al., 1991).
Au cours des dernières années, plusieurs groupes ont focalisé leurs efforts 
sur la caractérisation des sites de liaison responsables de médier les interactions
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biologiques entre intégrine et laminine (Ardini et al., 1997; Baudoin et al., 1998; 
DeMelker et Sonnenberg, 1999). La complexité des isoformes de Iaminines et le 
grand nombre de dimères intégrines liant ces dernières font en sorte que la 
compréhension de ces processus s’avère une tâche ardue et difficile nécessitant 
énormément de travail. Dans la littérature, on rapporte six membres de la sous 
famille des intégrines (31 ( a l (31, a2(31, a3(31, a6pi, a7pi e ta9p i) ainsi que 
l’intégrine a6p4 qui fonctionnent comme récepteurs des Iaminines (Kuhn et Eble, 
1994; Mercurio, 1995; Colognato et al., 1999; Mizushima et al., 1997). Cependant, 
plusieurs de ces intégrines médient aussi l’attachement à des ligands additionnels: 
a ip i  et a2pi interagissent avec les collagènes; a3pi peut lier la fibronectine, le 
collagène-IV, le nidogène et la thrombospondine (Wayner et al., 1993; DeFreitas 
et al., 1995; Eble et al., 1998). La spécificité des hétérodimères intégrines à 
interagir avec différentes isoformes de Iaminines n’a été déterminée que pour 
certaines interactions lamininerintégrine. Des travaux ont démontré que l’intégrine 
a3pi lie plus fortement la laminine-5 que les Iaminines -1 et -2  (Eble et al., 1998) 
alors que l’intégrine a7pi montre une plus forte affinité pour les laminines-2 et -4 
qu’envers la laminine-5 (Yao et al., 1996). Le domaine extracellulaire des 
intégrines a ip i  et a2pi renferme le domaine I et celui-ci serait responsable de 
l’attachement via le bras court de la chaîne a  de la laminine (Calderwood et al., 
1997). Cependant, d’autres données ont suggéré l’existence de sites de liaison 
pour l’intégrine a2pi également sur les chaînes pi et yl de la laminine
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(Underwood et al., 1995; Nomizu et al., 1997). Finalement, l’affinité d’un ligand 
peut être modifié par des changements conformationnels au niveaux des domaines 
extra et intracellaires retrouvés dans le complexe dimérique (Shattil et Ginsberg, 
1997; Sethi et al., 1999).
Au niveau de l’axe crypte-villosité dans l’instestin humain, la régulation 
moléculaire de l’expression des hydrolases de la bordure en brosse semble 
étroitement liée à la localisation différentielle des récepteurs intégrines. En effet, 
l’intégrine a6|34 est exprimées par toutes les cellules de la villosité et de la crypte 
alors que a3pl et a2pi ne sont présentes qu’au niveau des compartiments 
villositaire et cryptai, respectivement (Beaulieu, 1992). Dû à son affinité variable 
envers le collagène et la laminine, il fut suggéré que l’intégrine a2pl pourrait 
assumer une fonction régulatrice complexe dans la muqueuse intestinale humaine 
(Beaulieu, 1992; Perreault et al., 1995). Dans l’estomac humain, la distribution des 
intégrines cc3|31 et a6p4 corrèle avec celle de la laminine-5 au niveau de 
l’épithélium de surface et fovéolaire (Virtanen et al., 1995). D’autres récepteurs 
liant les Iaminines, comme a2(31, ctôpi e ta7p i, pourraient être considérés 
comme candidats potentiellement impliqués dans le processus de différenciation 
épithéliale gastrique. Ces observations indiquent que la reconnaissance d’un même 
ligand par des intégrines différentes décuple non seulement la variété des signaux 
biologiques susceptibles d’être transmis à la cellules cible, mais favoriserait aussi 
la transmission de signaux intracellulaires (Juliano et Haskill, 1993; Muschler et
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al., 1999; Belkin et Stepp, 2000). Toutes ces données supportent donc le concept 
d’une variation dans la composition de la lame basale le long de l’axe foveolus- 
glande, ainsi qu’une implication différentielle de ces constituants (principalement 
les Iaminines) dans la modulation de la différenciation épithéliale gastrique. 
Cependant, les patrons ontogéniques de distribution des sous-unités des intégrines 
au niveau de la muqueuse gastrique et leurs rôles dans la différenciation et/ou le 
maintien des cellules épithéliales demeurent à être établis.
Il apparaît plausible de suggérer que les intégrines altéreraient la réponse 
cellulaire menant à la prolifération, la migration ou la différenciation via 
l’activation de protéines kinases spécifiques qui jouent un rôle central dans la 
signalisation cellulaire (Giancotti, 2000). Dans le modèle de la glande mammaire, 
les cellules épithéliales sont en contact constant avec leur membrane basale. La 
signalisation via la membrane basale est d’une importance capitale au cours des 
différents stades de développement (Roskelley et Bissell, 1995). Ainsi, l’isolement 
de l’épithélium mammaire résulte en une mort apoptotique accme ainis qu’en des 
pertes de fonction puisque les cellules ne répondent plus aux hormones 
lactogéniques responsables de contrôler l’expression des protéines du lait 
(Boudreau et al., 1995 ; Lin et al., 1995). Par contre, la plupart de ces fonctions 
peuvent être rétablies en cultivant les cellules mammaires en présence de 
membrane basale reconstituée nommée Matrigel (Timpl et Brown, 1996) ou de 
laminine purifiée. Ainsi les cellules épithéliales subissent une modification 
morphologique caractérisée par la présence d’aggrégats multicellulaires polarisés
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dans lesquels une régulation à la hausse de l’expression génique de la (3-caséine 
est observée (Roskelley et al., 1994; Streuli et al., 1995). Ces mêmes auteurs ont 
aussi démontré que ce processus régulateur résultait de l’interaction entre la sous 
unité pi intégrine et le domaine E3 de la laminine-1 (Streuli et al., 1995) puisque 
l’ajout d’un anticorps neutralisant dirigé contre la sous unité pi inhibe l’induction 
de la P-caséine.
Au cours des dernières années, plusieurs évidences ont suggéré que les 
intégrines, tout comme les facteurs de croissance, pouvaient agir comme 
molécules transductrices de signaux intracellaires. Il serait donc intéressant 
d’étudier les mécanismes par lesquelles les intégrines modulent l’activité 
intrinsèque des MAP kinases ERK. Par exemple, dans le contrôle du cycle 
cellulaire des résultats ont indiqué la participation de différentes sous unités a  des 
intégrines en collaboration avec les facteurs de croissance dans l’activation des 
MAP kinases (Wary et al., 1996). Ainsi, les intégrines a2pl, a3pi et a5pi 
permettent une signalisation efficace par les MAP kinases et l’activation de ERK 
médiée par l’adhésion semble dépendante de l’engagement des intégrines (Clark et 
Hynes, 1996; Renshaw et al., 1996). Malgré l’engagement des intégrines dans 
l’activation rapide des ERKs ainsi que leurs rôles dans une multitude de processus 
physiologiques, aucune donnée n’est disponible concernant l’implication directe 
de ces composantes dans la régulation de l’expression des fonctions digestives au 
niveau de l’épithélium gastrique humain.
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7 Plan expérimental de la thèse
Dans le but de caractériser les mécanismes cellulaires et moléculaires 
impliqués dans le contrôle du développement et/ou du maintien des fonctions 
digestives gastriques humaines, les objectifs suivants ont été fixés.
1- Caractériser le statut fonctionnel de quatre lignées gastriques cancéreuses 
(AGS, Hs746t, KATO-III et NCI-N87) ayant des phénotypes différents afin 
d’établir si ces lignées pourraient constituer un modèle cellulaire adéquat 
pour l’étude des fonctions digestives.
2- Développer un modèle de culture primaire de cellules épithéliales 
gastriques normales isolées de la muqueuse fœtale humaine.
r
3- Etablir l’expression et la localisation des Iaminines et de leurs récepteurs 
intégrines en relation avec la différenciation des différents types cellulaires 
épithéliaux dans la muqueuse gastrique fœtale et adulte.
4- Préciser quelle voie de signalisation intracellulaire pouvait médier l’effet 
répresseur de EGF sur l’activité HGL observé en culture organotypique.
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5- Utiliser le meilleur système de culture cellulaire afin d’évaluer 
spécifiquement le rôle de différents constituants de la lame basale dans le 
maintien des fonctions digestives gastriques.
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GASTRIC CANCER CELL LINES AS MODELS TO 
STUDY HUMAN DIGESTIVE FUNCTIONS.
Basque JR, Chénard M, Chailler P et Ménard D. 
Journal o f Cellular Biochemistry 2001; 81: 241-251.
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Gastric Cancer Cell Lines as Models to Study Human 
Digestive Functions
9 Jean-René Basque, Mélissa Chénard, Pierre Chailler, and Daniel Ménard*
CIHR Research Group on Functional Development and Physiopathology of the Digestive Tract, 
r  Department of Anatomy & Cell Biology, Faculty of Medicine, Université de Sherbrooke, Sherbrooke,
Québec, Canada J1H 5N4
A bstract The présent investigation aim s a t defining th e  functional status o f several gastric cancer cell fines in order
to  assess the ir usefulness as adéquate  cellular m odels to  study th e  régulation of gastric digestive functions. C om pared to  
AGS, H s746t an d  KATO-ftl cells, NCI-N87 exhibited an  unique différentiation status. They formed  cohéren t m onolayers 
expressing E-cadherin and ZO-1 junctional proteins; the ir integrity and épithélial m orphology w ere  m aintained a t post- 
confluency for up  to  10 days. Ail cell lines synthesized PAS-reactive (m ucous-type) glycoconjugates. H ow ever, only 
NCI-N87 cells expressed MUC6 glycoprotein suggesting a  m ucopeptic phenotype. Im munostaining, enzym atic assays, 
W estern blotting and  Reverse Transcriptase polym erase chain  reaction (RT-PCR) revealed that ail cell lines contained 
varying levels o f pepsinogen (Pg5) and hum an gastric lipase (HGL). O nly  NCI-N87 cells w ere  ab le  to  express zym ogens 
a t higher levels, in granule-like structures, and to  efficiently secrete both HGL and  Pg5. The addition of epiderm al growth 
factor (EGF) to  post-confluent NCI-N87 cells, w hich exhibit an abundant m em brane staining for EGF-receptors, m odu- 
lated HGL activity w ithout affecting Pg5. In conclusion , th is investigation enlightens th e  potential usefulness of the 
gastric cell line NCI-N87 as a m odel for elucidating  th e  cellu lar and  m olecular m echanism s involved in th e  régulation of 
hum an gastric épithélial functions. J. C ell. B iochem . 8 1 :241 - 2 5 1 ,  2 0 0 1 . e  2001 wîley-Liss, inc.
Key w ords: gastric cell lines; gastric sécrétion; m ucin; pepsinogen; gastric lipase; epiderm al growth factor
The human gastric glands assume the synth- 
esis and sécrétion of several bioactive substan­
ces into the lumen i.e., mucus, hydrochloric 
acid and zymogens. Apart from its rôle regard- 
ing the digestion of dietaxy proteins via the 
release of pepsinogen from chief cells [Defize, 
1980], another important aspect of gastric phy- 
siology pertains to the digestion of fat. In hu- 
mans, this function is assumed by the existence 
of a gastric lipase (HGL) co-localized with pep- 
sinogen-5 (Pg5) in secretory granules [Moreau 
et al., 1988]. This co-localization is a unique 
feature of human gastric chief cells since both 
zymogens are either expressed in différent gas­
tric cell types [Carrière et al., 1992; Descroix- 
Vagne et al., 1993] or distinct zymogenic cell
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populations [Bemadac et al., 1991] in animal 
models. Gastric triglycéride digestion is a 
prerequisite for optimal intestinal lipolysis 
[Carrière et al., 1993]. Furthermore, the impor­
tance of HGL increases in the context of péri­
natal physiology [Hamosh et al., 1981; Lee 
et al., 1993] and pathological conditions asso- 
ciated with pancreatic insufficiençy [Abrams 
et al., 1987]. Therefore, it is important to dearly 
understand the molecular mechanisms control- 
ling the synthesis and sécrétion of human chief 
cell digestive enzymes.
Adéquate in vitro models must be made avai- 
lable in order to identify spécifie regulators of 
gastric épithélial functions and their under- 
lying mechanisms of action. In vivo, the stem 
cell population, responsible for renewing the 
entire gastric épithélium, is located in the isth- 
mus compartment. Following division, the cells 
migrating upward differentiate into pit and 
surface mucous cells which secrete MUC5 
mucin while those migrating downward differ­
entiate into mucous neck cells expressing 
MUC6 [De Bolos et al., 1995; Ho et al., 1995;
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Bartman et al., 1998], as well as into pariétal, 
endocrine, caveolated and chief cells. It is 
important to note that mucous neck cells 
further differentiate into pre-zymogenic cells 
which in turn give rise to mature zymogenic 
chief cells [Karam and Leblond, 1992]. Avail- 
able épithélial cell lines, isolated from human 
gastric carcinomas, exhibit différent morpho- 
logical characteristics and have preferentially 
been used to study the implication of spécifie 
hormonal Systems in the context of oncogenesis 
and cellular transformation. For instance, met- 
astatic Hs746t cells display irregular squa- 
mous-fibroblastoid phenotypes in culture 
[Smith, 1979]. KATO-III cells, which grow in 
suspension and have a rounded phenotype, are 
known to produce transforming growth factor- 
p [Mahara et al., 1994], EGF-like substances 
[Naef et al., 1996], and to express the K-sam 
protein amplified in stomach cancer and highly 
homologous to the kératinocyte growth factor 
(KGF) receptor [Hattori et al., 1990]. AGS cells 
rather form dense monolayers of polygonal 
cells responsive to insulin-like growth factor-1 
(IGF-1) and gastrin [Guo et al., 1993; Ishizuka 
et al., 1992]. Finally, the poorly characterized 
NCI-N87 cell line has been shown to produce 
several ligands of the EGF family [Naef et al., 
1996]. The potential usefulness of these gastric 
cancer cell lines for eluddating the process of 
humain gastric épithélial functional différentia­
tion, especially the chief cell lineage, has never 
been addressed. Such an application appears 
important since no normal human gastric 
épithélial cell line exists. In comparison, our 
organ culture technique [Ménard et al., 1993] 
and the new primary culture system of gastric 
épithélial cells [Basque et al., 1999] have 
served to study the expression of gastric 
digestive enzymes [Tremblay et al., 1999; 
Basque and Ménard, 2000]. However, these 
culture Systems présent important limitations 
regarding the availability of human specimens. 
Consequently, using représentative AGS, 
Hs746t, KATO-III and NCI-N87 gastric cancer 
cell lines, we performed a detailed analysis of 
their functional différentiation status (junc- 
tional proteins, tyrosine kinase receptors, 
mucous, chief cell digestive enzymes) using 
cytochemistry, immunofluorescence, western 
blotting and RT-PCR. The current investiga­
tion reveals for the first time that gastric 
carcinoma cells display a multipotentiality for 
expressing mudgenic and zymogenic différen­
tiation markers. Furthermore, NCI-N87 cell 
line represents the most promising model in its 
unique capadty to form tight and coherent 
monolayers (cell—cell junctions), to be main- 
tained at post-confluençy, to express MUC6 
protein, and to effidently synthesize and 
secrete significant levels of HGL and Pg5.
MATERIALS AND METHODS 
Cell Culture and Tissues
AGS (CRL 1739), Hs746t (HBT 135), KATO- 
m  (HBT 103) and NCI-N87 (CRL 5822) cell 
lines isolated from human gastric carcinomas 
were obtained from the American Type Culture 
Collection (ATCC, Manassas, VA). They were 
initially propagated in RPMI 1640 or Minimal 
Essential Medium (MEM) (Gibco BRL/Life 
Technologies, Burlington, Ontario, Canada) 
supplemented with antibiotics (penicillin/ 
streptomydn from Gibco) and 10% (vrv) heat- 
inactivated fetal bovine sérum (CELLect Gold 
FBS from ICN, Montréal, Québec, Canada), as 
recommended. These nutrients supported ra- 
pid growth but we observed that a DMEM:F12 
(1:1, vrv) mixture optimized cell attachment 
and well density compared to previous medium 
formulations (unpublished observations). There- 
fore, DMEM:F12 was used as a routine culture 
medium in our experiments. Adult gastric 
biopsies were available for this study. For 
each patient (two maies and one female; âges 
40—64), nondiseased samples from fundic and 
corpus régions of the stomach were confirmed 
by a pathologist. None of the patients received 
treatment before surgery and ail tissues were 
processed within 1 h of procédure. Tissue colle­
ction was approved by the Institutional Human 
Research Review Committee of the Université 
de Sherbrooke for the use of human material.
Immunofluorescence (IF) and Cytochemistry
For histochemical studies performed on 
gastric cell lines, cells were seeded on stérile 
glass coverslips and allowed to reach high 
density or confluençy before processing. For 
tissue histochemistry, biopsies were dissected, 
embedded in Optimum Cutting Température 
(OCT) compound and processed for cryomicrot- 
omy as described previously [Tremblay et al., 
1997; Tremblay et aL, 1999]. Specimens were 
fixed in 3.7% formaldéhyde for 10—15 min and 
permeabilized with 0.1% Triton X-100 diluted 
in phosphate buffered saline (PBS) for 3 min.
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Non-specific binding was blocked with 0.2% 
bovine sérum albumin (BSA, fraction V) in PBS 
(pH 7.4) or fish gelatin (both obtained from 
Sigma, St-Louis, MO). Cells and tissues were 
successively incubated inside humidified cham- 
bers with primaiy antibodies and fluorescein 
isothiocyanate (FITC)-conjugated secondaiy 
antibodies (see below) diluted in BSA-PBS for 
r 60 min and 45 min respectively. Extensive
washing with PBS was performed between each 
 ^ step. Coverslips were mounted on glass slides
with glycerokPBS (9:1) and sealed with nail 
polish. Fluorescent staining was observed on a 
Reichert Polyvar microscope (Leica Canada, 
St-Laurent, Québec, Canada) equipped for 
epifluorescence and photographed on Kodak 
Tri-X Pan film (400 ASA). Conventional Bowie 
and Periodic acid Schiff (PAS) dye stainings 
were performed on cell cultures to detect 
pepsinogen granules and glycoconjugates res­
pectively. For Bowie, cells were fixed for 12 min 
in Regaud’s fluid (3% (w/v) potassium bichro­
mate in formaldéhyde solution), incubated for 
10 s in Bowie solution (Biebrich scarlet/Ethyl 
violet precipitate dissolved in ethanol), then 
differentiated in acetone, acetone:xylene and 
xylene solutions. The presence of pepsinogen was 
revealed by a dark violet cytpoplasmic staining.
Gel Electrophoresis and Western 
Immunobloting (WB)
Before collecting cell lysates and culture 
media, confluent cells grown in 25 cm2 flasks 
were maintained without sérum for 24 h. Total 
proteins from cells and media were collected in 
20 mmol/ml Tris-HCl (pH 6.8) and processed in 
conventional 2 x solubilization buffer [Basque 
et al., 1999]. Aliquots (60-80 gg of prot/well 
assayed with Folin reagent [Lowry et al., 
1951]) were resolved by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS/PAGE) 
using 12% polyacrylamide and transferred to a 
Trans-Blot membrane (BIORAD, Mississauga, 
~\» Ontario, Canada). The membranes were blocked
ovemight in 0.2% casein-PBS, then incubated 
with the same primaiy antibodies (see below) 
and amplification was achieved using the 
‘Westem-Light Plus’ chemiluminescence pro- 
tein kit (Tropix, Bedford, MA).
Antibodies
Primary antibodies: Anti-human EGF recep- 
tor (1:100 for IF, 1:1000 for WB, mouse mono-
clonal, Upstate Biotechnology Inc., Lake Placid, 
NY); anti-human KGF receptor (anti-ôefc 1:50 
for IF, rabbit polyclonal, Santa Cruz Lab., Santa 
Cruz, CA); anti-human HGF receptor (1:75 for 
IF, rabbit polydonal, Santa Cruz); anti-IGF-1 
receptor (1:50 for IF, mouse monoclonal, Onco- 
gene Sdence/Canadian Bioclinical, Scarbor- 
ough, Ontario, Canada); anti-human E- 
cadherin (1:800 for IF, Transduction Lab., 
Lexington, KT); anti-human ZO-1 (1:500 for IF, 
Zymed Lab., San Francisco, CA); anti-human 
MUC6 mucin (1:500 for IF; 1:1000 for WB, 
Novocastra Lab., Newcastle, UK); anti-human 
fundic pepsinogen or Pg5 (1:150 for IF, guinea 
pig polyclonal, kindly provided by F. Carrière 
and R. Verger); anti-human gastric lipase or 
HGL (1:2000 or IF, 1:1000 for WB, rabbit poly­
clonal, given by A. de Caro and R. Verger). FITC- 
conjugated secondaiy antibodies for IF: Anti- 
mouse and anti-rabbit Ig (1:30, sheep monoclo­
nal, Boehringer Mannheim Canada, Laval, 
Québec, Canada) and anti-guinea pig Ig (1:64, 
goat monoclonal, Sigma). Biotin-conjugated 
secondaiy antibodies for WB: Anti-mouse Ig 
(1:20000,Tropix),anti-rabbitlg(l:10000,Tropix).
RT-PCR
Cells grown in 25-cm2 flasks were lyzed in 
TRIZOL solution (Gibco). Total RNA was quan- 
titated by spectrophotometry and its integrity 
verified by ethidium bromide staining. Reverse 
transcriptase Superscript (Gibco) and 0.5 gg 
of oligo (dT)i2_i8 primer (Amersham Canada, 
Oakville, Ontario, Canada) were added to 5 gg 
of total RNA, as described previously [Basora 
et al., 1999]. HGL was amplified using the 
following primers: LIP-1 (5'-CTGAGGAAACT- 
GCAGGTCCA-3') and LIP-2 (5'-AGAAGCACT- 
GCA TGTCAAAC-3') amplifying a band of 
1300 pb. Glyceraldehyde-3-phosphate dehydro- 
genase (GAPDH) was also amplified using the 
following primers: GAPDH-1 (5'-CCACCCAT- 
GGCAAATTCCATGGCA-30 and GAPDH-2 (5'- 
TCTAGACGGCAGGTCAGGTCCACC-3')- Fol­
lowing reversed transcription, single-stranded 
cDNA was amplified in PCR buffer (Amersham) 
containing 0.25 gM of both sense and antisense 
primers for 25 cycles of dénaturation (1 min at 
94°C), annealing (1 min at 55°C), and extension 
(1 min at 72°C) in a thermal cycler (Perkin 
Elmer DNA Thermal çyder model 480) in the 
presence of250 gM dNTPs and 2.5 units of Taq 
(Roche Molecular Biochemicals, Laval, Québec, 
Canada).
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Enzymic Assays
Pepsin and lipase activities were measured 
in confluent cells and the media collected in 
25 cm2 culture flasks. Briefly, lipolytic activity 
attributed to HGL in the presence of triglycér­
ides was determined using glycerol [14C]-trio- 
leate (Amersham) as substrate and fatty acid 
free-BSA (A-6003 from Sigma) sis a carrier of 
released fatty adds. After 60 min of incubation 
at 37°C, free [14C]-oleic acid was separated 
by liquid—liquid partition in chloroform:metha- 
nol:heptane and quantitated on a beta scintil­
lation System. The spécifie activity of HGL was 
expressed as nmol of free fatty adds released 
per minute per milligram of protein. Pepsin 
activity resulting from activation of pepsinogen 
at add pH was measured using 1 ml of acid- 
denatured and dialysed hemoglobin (Sigma) as 
substrate. Reaction was carried out at 37°C for 
10 min and stopped with 6.2% (w:v) trichlor- 
oacetic add. The resulting free amino add 
products were separated by centrifugation and 
quantitated by spectrometry using a L-tyrosine 
standard. Spécifie pepsin activity was ex­
pressed in International Units (pmol/min) per 
milligram of protein. Protein content of the 
homogenates was measured using the Folin 
reagent [Lowiy et al., 1951]. Recombinant hu- 
man EGF (purchased from Collaborative Bio- 
medicals, Becton Dickinson Labware, Bedford,
MA) is known to modulate HGL-mRNA and 
activity in fetal gastric tissue [Tremblay et al., 
1997, 1999]. In order to evaluate its effect on 
cardnoma cell lines, EGF was added for 48 h in 
100 ng/ml concentration to 4-day postconfiuent 
NCI-N87.
RESULTS 
Cell Growth and Morphology
Gastric cardnoma cells were routinely pro- 
pagated in DMEM:F12 supplemented with 10% 
FBS. These conditions optimized cell attach- 
ment as well as culture density. In accordance 
with previous data, AGS, Hs746t, KATO-IH, 
and NCI-N87 cells respectively exhibited poly­
gonal, squamous-fibroblastoid, rounded and 
tightly knit-polyhedral phenotypes (Fig. 1). A 
number of phenotypic variants were consis- 
tently observed in ail cultures, however. At 
confluency, AGS cells formed dense monolayers 
containing a proportion (—10%) of flattened 
multinucleated cells and they remained as 
sensitive to rounding as sub-confluent cells 
upon fluid renewal or rinsing (absence of cell- 
celljunctions) (Fig. 1A). Also, Hs746t cells grew 
more slowly than other cell lines, exhibited 
contact-inhibition and contained a sub-popula- 
tion of squamous multinucleated cells and 
giant cells with ruffled borders at their cell
m
' * ■  -v ‘Js
Fig. 1. Morphology of gastric carcinoma cell lines. Cell 
phenotypes were examined using bright-field and phase- 
contrast microscopy. Cultured on plastic, AGS formed a dense 
monoiayer of polygonal cells of irregular size (A). Hs746t cells 
display several phenotypic variants of squamous and fibroblas- 
toid cells (B). KATO-lll cells were rounded and preferentially
grew in suspension (Q. NCI-N87 cells grew as compact 
colonies (D) and formed coherent monolayers. Their integrity 
was maintained during postconfluency, as shown after 4 days (E) 
and 10 days of culture (F). Magnification A-C=120, 0  =  16, 
E-F=60.
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Fig. 2. Détection of cell junction molécules. Indirect immuno­
fluorescence of junctional proteins was evaluated in cultured 
NCI-N87 cells. After initial attachaient, ail cells expressed the 
zonula adherens-associated E-cadherin at sites of cell-cell 
contacts (A). E-cadherin became uniformly distributed at ce ll- 
cell interfaces after reaching confluency (B, 10 days post- 
confluence). ZO-1 protein associated with zonula occludens 
was detected throughout the growing monolayer and properly 
localized at intercellular contacts in small clusters (C) whose 
size increased thereafter (D, 10 days postconfluence). 
Magnification =  120.
margins (Fig. 1B). KATO-HI preferentially 
grew in suspension with a few isolated cells 
(no aggregates) attached to the substratum 
(Fig 1C). NCI-N87 cells formed dense clusters 
after plating and exhibited a typical colony 
growing pattem (Fig. 1D). As opposed to pre- 
vious models, confluent NCI-N87 monolayers 
displayed a tight and coherent épithélial mor­
phology characteristic of a more polarized cell 
line and could also be maintained at post- 
confluençy for up to 10 days (Fig. 1E, F).
Functional Epithelial Markers
The functional status of gastric cancer cells 
was analyzed using several approaches. Firs- 
tly, immunofluorescent staining of various épi­
thélial markers confirmed the more polarized 
and differentiated phenotype of the NCI-N87 
cell line. Following initial attachment, ail cell 
colonies were positive for the zonula adherens- 
assodated E-cadherin localized at sites of cell- 
cell contacts (Fig. 2A). At post-confluency, 
E-cadherin was uniformly distributed at the 
periphery of cells (Fig. 2B). In addition, the ZO- 
1 protein associated with zonula occludens or 
tight junctions was similarly localized in small
'o -  ?
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Fig. 3. Immunodetection of MUC6 mucin. Indirect immuno­
fluorescence (A) revealed a spécifie staining in mucous cells in 
the neck in fundic glands of adult human stomach whereas the 
superficial épithélium (aaows) and the base of the glands 
(arrowheads) appear négative (Magnification =30). MUC6 was 
also evidenced in isolated cell clusters of NCI-N87 cells (B) 
compared to négative AGS cells (O (Magnification =  120). 
Western blot analysis (D) demonstrated the presence of MUC6 
protein only in NCI-N87 (n) compared to AGS (a), Hs746t (h) 
and KATO-III (k) cells. Keratin-18 (Kl 8) was used as an internai 
control.
cell clusters (Fig. 2C) that increase in size 
diuing post-confluency (Fig. 2D). Secondly, 
PAS staining was performed which revealed a 
significant mucigenous reactivity (diffuse and 
granular) in ail cell lines (results not shown). 
Furthermore, inummostaining against the 
mucopeptic-type cell marker MUC6 glycopro- 
tein revealed a positive granular reactivity in a 
sub-population of NCI-N87 cells (Fig. 3B), 
while AGS (Fig. 3C) and other cell lines were 
totally négative. As verified herein, the tissue 
distribution of MUC6 mucin was indeed limited 
to mucous neck cells in adult gastric (fundic- 
type) mucosa (Fig. 3A). Western blotting ex- 
periments further established the presence of 
MUC6 immunoreactivity in NCI cell line only 
(Fig. 3D).
Chief Cell Zymogens
Conventional Bowie staining was performed 
in ail cell lines that revealed a positive çyto- 
plasmic reaction, indicative of the presence of
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fig- 4. Immunodetection of fundic pepsinogen (Pg5) in 
gastric cancer cell lines. Indirect immunofluorescence (A) in 
AGS (a), Hs746t (h), KATO-II! (k) and NCI-N87 cells (n). 
(Magnification =  120). A sub-population of anti-Pg5 positive 
NCI-N87 cells showed an intense granular staining. Spécifie 
pepsin activity measured in cells (B) and media (C). Results are 
expressed in pepsin units per milligram of protein and represent 
the mean ±  SEM of three separate experiments.
pepsinogen granules (not shown). Confirming 
the nature of the latter enzyme, an immunoflu- 
orescent, cytoplasmic-dififused anti-pepsinogen 
(Pg5) staining was observed in subpopula­
tions of AGS, Hs746t and KATO-IÜ cultures 
(Fig. 4A). Only NCI-N87 cells were ubiqui- 
tously stained and showed a granule-like 
distribution in small clusters. Furthermore, 
enzymatic assays confirmed the presence of a
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Fig-S. Variation of pepsin activity in cultured NCI-N87 cells. 
Spécifie activity was determined at différent post-confluent 
intervais (0,4 ,10  days) in both cell homogenates (A) and culture 
media (B). Results are expressed in pepsin units per milligram of 
protein and represent the mean ±  SEM of three separate 
experiments.
functional Pg5 protein exhibiting pepsin activ­
ity not only in cell homogenates (Fig. 4B) but 
also in culture media (Fig. 4C) of ail studied cell 
lines, the activity being most abundant in NCI- 
N87 cells. Of interest, we demonstrate that 
NCI-N87 cells are able to continuously synthe- 
size and secrete pepsinogen at post-confluency 
(Fig. 5).
In order to further define the functional sta­
tus of these gastric cancer cell lines, the pre­
sence of HGL, another différentiation marker 
of human chief cells, was assessed using immu­
nofluorescence (Fig. 6A). A weak çytoplasmic 
staining was observed in a low proportion of 
AGS and Hs746t cells (groups of positive cells 
are shown). Even a smaller fraction (<1%) of 
KATO-IH cells were labeled. By contrast, NCI- 
N87 cells exhibited an important çytoplasmic 
reaction for HGL, and a granular localization 
in spécifie cell clusters. Western blot analysis 
and enzymatic assays (Fig. 6B-D) revealed the 
presence of the 49 kDa HGL-protein in ail cell 
cultures, being less abundant in Hs746t cells 
and prédominant in NCI-N87 cells. Sécrétion 
kinetics differed from those of Pg5: only the
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Rg. 6. Immunodetection of human gastric lipase (HGL) in 
gastric cancer cell lines. Indirect immunofluorescence (A) in 
AGS (a). Hs746t (h), KATO-lll (k) and NCI-N87 cells (n) 
(Magnification =  120). A sub-population of anti-HGL positive 
NCI-N87 cells showed a granule-like staining. Spécifie lipase 
activity measured in cells (B) and culture media (D). Data are 
expressed as nmoi of free fatty acids released per min per 
milligram of protein and they represent the mean ±  SEM of three 
separate experiments. Western blot analysis (O revealed the 
prédominance of HGL in NCI-N87 cells.
HGL- • 13kB
-0.6kB
Rg. 7. Variation of lipase activity in cultured NCI-N87 cells. 
Spécifie activity was determined at différent post-confluent 
intervais (0 ,4 ,10  days) in both cell homogenates (A) and culture 
media (O. Data are expressed as nmol of free fatty acids 
released per min per milligram of protein and represent the 
mean ±  SEM of three separate experiments. Représentative 
RT-PCR (B) was performed for HGL-mRNA analysis in cell 
homogenates at the sa me culture intervais. GAPDH-mRNA 
probe was used as an internai control.
NCI-N87 cell line couid release significant 
amounts of HGL. Moreover, lipase activity was 
measured during post-confluency. While cellu- 
lar HGL levels remained constant for up to 10 
days in NCI-N87 (Fig. 7A), the activity con- 
tinuously increased in culture media (Fig. 7C). 
Standard RT-PCR analysis performed on total 
RNA extracted from NCI-N87 cells confirmed a 
concomitant increase of the transcript accord- 
ing to post-confluency (Fig. 7B).
Growth Factor Systems and 
Hormonal Régulation
The presence of spécifie growth factor recep- 
tors associated with normal human gastric
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Fig. 8. Immunodetection of EGF-R and influence of EGF- 
supplementation in gastric cancer cell lines. Indirect immuno­
fluorescence (A) in NCI-N87 cells (Magnification =  120). 
Western blotting of EGF-R (B) représentative of four experiments 
in AGS (a), Hs746t (h), KATO-III (k) and NCI-N87 cells (n). 
Keratin-18 (Kl 8) was used as an internai control. Effect of 
exogenous EGF (100 ng/ml) on lipase (O and pepsin (D) 
activities in post-confluent NCI-N87 cells. Spécifie lipase 
activity is expressed as nmol of free fatty acids released per 
min per milligram of protein and pepsin activity in pepsin units 
per milligram of protein. Data represent the mean ±  SEM of 
three separate experiments. Asterisk indicates a  significant 
différence between control and EGF (P <  0.007).
épithélial cells [Basque et al., 1999; Basque and 
Ménard, 2000] was assessed on cultured cells. 
AGS, Hs746t, KATO-HI and NCI-N87 cells 
were ail positive for immunostaining of several 
tyrosine kinase receptors including KGF-R, 
HGF-R and IGF1-R (data not shown). Figure 
8 illustrâtes that EGF-R was ubiquitously 
expressed in ail cell lines including NCI-N87 
cells in which an intense membrane làbeling 
was observed (Fig. 8A). Western blots revealed 
the 175 kD EGF-R protein in the studied 
gastric cancer cell lines (Fig. 8B). Its relative 
abundance in NCI-N87 cells prompted us to 
evaluate the effects of EGF ligand on the 
synthesis of chief cell digestive enzymes. Addi­
tion of human recombinant EGF (100 ng/ml) to 
postconfluent NCI-N87 cells for 48 h resulted in 
a significant increase (~50%) of HGL activity 
in culture medium (Fig. 8C). Noted that Pg5 
activity remained unaffected by growth factor 
treatment (Fig. 8D).
DISCUSSION
Cellular models exhibiting normal charac- 
teristics of the human gastric épithélium must 
be developed in order to study, under defîned in 
vitro conditions, the molecular events involved 
in the régulation of gastric digestive functions. 
At first hand, the distinct morphology of gastric 
cardnoma cell lines studied suggests that each 
possesses unique functional and differentiated 
characterisics. For instance, KATO-DI and 
Hs746t cells are derived from poorly differen­
tiated gastric cardnomas [Sekiguchi et al., 
1978; Smith, 1979] and they either grow in 
suspension or exhibit an irregular adhèrent 
morphology. In contrast, AGS and NCI-N87, 
which form typical épithélial monolayers, arise 
from moderate and well differentiated gastric 
cancers [Barranco et al., 1983; Park et al., 
1990]. The current study demonstrates for the 
first time that, independently of their phe- 
notype, gastric cardnoma cell lines do share a 
capadty for expressing mudgenic and zymo- 
genic products. The NCI-N87 strain, however, 
displays a more polarized status and repre- 
sents a novel promising model, espedally reg- 
arding the synthesis and sécrétion of chief cell 
zymogens.
Since zonidae adherens and occludens molé­
cules are functional components of apical junc- 
tions in ail épithélial cells [Shimoyama and 
Hirohashi, 1991; Hanby et al., 1996], they play
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key rôles in the maintenance of cell and 
membrane polarity. Thereby, the presence and 
cellular distribution of E-cadherin and ZO-1 
proteins were verified in subconfluent and post­
confluent NCI-N87 cells. Our results indicate 
that ail cells express membrane-associated E- 
cadherin, supporting the existence of intimate 
cell-cell contacts in NCI-N87 cultures. Pre- 
r vious studies have shown that KATO-HI cells
cariy E-cadherin point mutations, resulting in 
^ the production of aberrant mRNA [Oda et al.,
1994]. Such a disfonction probably illustrâtes 
their tendency to grow as free-floating isolated 
cells [Motoyama et al., 1986]. Recently, the 
absence of E-cadherin expression was observed 
in AGS cells [Hsieh et al., 1996; Jawhari et al., 
1999]. The latter feature would explain, in 
part, why cultured AGS monolayers eventually 
loose their integrity after confluençy is reached. 
In contrast, postconfluent NCI-N87 cultures 
maintain a typical tight coherent épithélial 
morphology, characterized by the appropriate 
peripheral distribution of the tight junction- 
associated ZO-1 in a subpopulation of cells 
organized in clusters. Thus, it seems plausible 
that NCI-N87 cells exhibit a more differen­
tiated épithélial phenotype.
To assess the use of cancer cells for studying 
spécifie gastric fonctions, we determined the 
presence of functional markers normally 
associated with the human gastric épithélium. 
Firstly, ail cell lines were found to express PAS- 
positive glycoconjugates in their cytoplasm and 
granules, suggesting they could be fonctionally 
related to gastric mucous cells, as proposed 
earlier for KATO-III cells [Yamamoto et al., 
1990]. In normal gastric épithélium, MUC5 
and MUC6 mucins are localized in distinct cell 
types. MUC5 is expressed in the superficial/ 
foveolar épithélium whereas MUC6 expression 
is restricted to mucous cells of the neck région 
i f  [De Bolos et al., 1995; Ho et al., 1995; Bartman
et al., 1998]. Recently, the absence of MUC6 
mRNA and protein in several gastric cancer 
cell lines have underlined their limited capa- 
city for mucopeptic différentiation [Carvalho 
et al., 1999]. Our observations with AGS, 
Hs746t and KATO-III cells support this con­
clusion which in fact reconciles with histopatho- 
logical studies revealing an increased tendency 
to foveolar cell différentiation in gastric tumors 
[Fiocca et al., 1987]. However, for the first time, 
we revealed the presence of MUC6 glycoprotein 
in NCI-N87 cultures suggesting a similarity
with the mucopeptic cell lineage. One has to 
keep in mind that in the adult stomach, mucous 
neck cells transdifferentiate into pre-zymo- 
genic and mature zymogenic chief cells as they 
migrate towards the base of glands [Karam 
and Leblond, 1992; DeBolos et al., 1995]. Since 
human chief cells express both pepsinogen 
(Pg5) and gastric lipase (HGL) [Moreau et al., 
1988; Basque and Ménard, 2000], immuno- 
staining and enzymatic assays were performed 
to detect the latter proteins in cell cultures. We 
reveal that a subpopulation of AGS, Hs746t 
and KATO-HI cells synthesized both zymogens 
at various intensities (a diffosed çytoplasmic 
distribution) while no significant HGL activity 
was detected in their medium. Only NCI-N87 
monolayers were intensely positive for Pg5 and 
HGL and even accumulated these products 
in granule-like structures, as they were able to 
efficiently secrete both zymogens into the cul­
ture fluid. These characteristics are quite 
unique for gastric cancer cell lines and are 
similar to those observed in normal human 
chief cells either in human gastric expiants 
[Ménard et al., 1995] or in primaiy cultures 
[Basque et al., 1999].
The majority of existing gastric cancer cell 
lines express EGF and its receptor [Kamata 
et al., 1986; Lewis et al., 1993]. Our results not 
only confirm the presence of EGF-R in ail four 
studied cell lines but also reveal its abundance 
and membrane localization in NCI-N87. The 
addition of human recombinant EGF to post­
confluent NCI-N87 cells resulted in a signifi­
cant increase of HGL activity in culture 
medium without affecting that of Pg5. This 
differential response is in total accordance with 
the concept that gastric digestive enzymes co- 
expressed in human chief cells are under 
différent regulatoiy mechanisms [Chew and 
Hershey, 1982; Kasbekar et al., 1983; Finks 
et al., 1985; Ménard et al., 1995].
In summaiy, the gastric cancer cell line NCI- 
N87 displays a unique différentiation status by 
its capadty to form tight-coherent monolayers 
and to be maintained at postconfluency. This 
study also establishes that NCI-N87 cells 
exhibit the mixed functional characteristics of 
pre-zymogenic cells expressing the neck cell (or 
mucopeptic) MUC6 mucin together with the 
production and sécrétion of human chief cell 
digestive enzymes. In conclusion, the présent 
investigation enlightens the potential usefol- 
ness of this spécifie gastric cancer cell line as a
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model for elucidatingthe cellular and molecular 
mechanisms involved in the process of human 
gastric épithélial functional différentiation.
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The gastric pit-gland unit is a highly dynamic and 
compartimentalized structure which assumes impor­
tant key fonctions such as acid sécrétion, digestion of 
dietary proteins and triglycérides, protection, and ép­
ithélial restitution following injury. However, in  vitro  
models représentative o f the intact gastric épithélium  
are still lacking. The current study was undertaken to 
investigate the possibility of générating such primary 
cultures from human fetal stomach. The use o f Ma- 
trisperse, a nonenzymatic solution, allowed complété 
dissociation of the épithélial layer and the mainte­
nance for at least 7 days of ail gastric épithélial cell 
types in primary culture on plastic. Indirect immuno­
fluorescence and Western blot analyses confirmed the 
purity of épithélial cultures, composed of 60% mucus- 
secreting cells, 25% zymogenic chief cells, 5% pariétal 
cells, and a small proportion of mitotic precursors. 
Their functionality was demonstrated by the presence 
of zonulae occludens and adherens at cell to cell con­
tacts, [3H]thymidine incorporation, Periodic acid 
Schiff staining, and expression of growth factor recep- 
tors (EGF/TGFa, IGF1, HGF, KGF), gastric H+/K+- 
ATPase, pepsinogen (Pg5), and human gastric lipase 
(HGL). Chief cells were àble to produce and secrete 
both Pg5 and HGL and to respond to EGF treatment. 
In conclusion, we developed a new primary culture 
System of human gastric épithélium characterized for 
the first time by the absence of added matrix and the 
maintenance of functional chief cells. It represents an 
expérimental breakthrough that w ill serve applica­
tions in  investigatmg the actions of hormones, mesen- 
chymal growth factors, and basement membrane pro­
teins on human gastric fonctions in  vitro, o 1999 A cadém ie
Preee
Key Words: gastric; épithélium; pepsinogen; lipase; 
epidermal growth factor.
1 To whom correspondance and reprint requests should be ad- 
dressed. Fax: +1 819-564-5320. E-mail: dmenard@courrier.usherb. 
ca.
INTRODUCTION
In developing and adult human gastric mucosa, the 
digestive épithélium is organized into pit-gland units 
which are composed of four distinct functional com- 
partments, namely, pit (or foveolus), isthmus, neck, 
and base of glands. These glands assume important 
key fonctions such as add sécrétion, digestion of di- 
etary proteins and triglycérides, and protection against 
add retrodiffosion or bacterial invasion and plays an 
essential rôle in épithélial restitution following injury. 
The stem cell population responsible for renewing the 
entire gastric épithélium is located in the isthmus. 
After division, the cells migrating upward differentiate 
into pit and surface mucous cells while those migrating 
downward renew chief, pariétal, endocrine, and caveo- 
lated cells [1-5]. The migration, prolifération, and dif­
férentiation of gastric épithélial cells therefore repre­
sent highly coordinated processes that are likely 
regulated by a number of factors induding autocrine/ 
paracrine growth factors, hormones, cytokines, and 
cell-cell/cell-matrix interactions [5, 6-11].
Adéquate cellular models must be used in order to 
identify the spécifie regulators of gastric épithélial 
fonctions and their underlying mechanisms of action. 
However, because normal human gastric épithélial cell 
lines are yet unavailable, most studies have been pre- 
viously performed on cell cultures generated from an­
imais [12-15] or human gastric cancers [10, 11]. In 
addition, attempting primary culture with cells iso­
lated using a scraping technique results in a mixed 
population of gastric épithélial cells that are rapidly 
overgrown during the first days of culture by dividing 
mucous cells [16, 17]. The enzymatic approach which 
commonly uses collagenase, pronase, and hyaluroni- 
dase generates suspensions of dispersed cells and cul­
tures that are mainly composed of mucus-secretàng 
cells, with a low proportion of pariétal cells [18, 19]. 
These are also characterized by a systematic absence of 
chief cells, the cell type responsible for the sécrétion of 
gastric zymogens, and they necessarily require the 
presence of a biological substratum for their attach­
aient and survival [20, 21]. It thus appears that pri-
13 0014-4827/99 $30.00
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mary culture Systems prepared using the above tech­
niques are not représentative of the intact gastric 
épithélium. More recently, some investigators 
achieved a way of purifying pariétal and chief cells 
from animal species for in vitro experiments [14, 22, 
23]. Although such homogenous préparations were re- 
liable for testing the effects of secretagogues on HC1 
and pepsin release during short incubation periods, 
their limited survival in culture hindered the study of 
mechanisms regulating the neosynthesis of gastric zy­
mogens.
We report herein a new nonenzymatic method that 
allows complété dissociation of the épithélial layer 
from human fetal gastric mucosa. The resulting pri­
mary cultures contain ail épithélial cell types and can 
be maintained for several days in the absence of added 
biological matrix. Furthermore, the subpopulation of 
chief cells présent are able to synthesize and secrete 
both gastric zymogens characteristic of this cell type in 
humans, namely pepsinogen-5 (Pg5) and human gas­
tric lipase (HGL), under the minimal conditions used. 
Dlustrating the potential usefulness of this new Sys­
tem, we verified that the synthetic activity of chief cells 
is modulated by epidermal growth factor (EGF) treat- 
ment.
MATERIALS AND METHODS
Specimens. Tissues from 48 fetuses varying in âge from 17 to 20 
weeks of gestation (postfertilization âges were estimated according 
to Streeter [24]) were obtained from normal elective pregnancy ter- 
minations. No tissue was collected from cases associated with known 
fetal abnonnality or fetal death. Studies were approved by the In- 
stitutional Human Subject Review Board. The stomach was brought 
to the culture room, immersed in dissection medium, i.e., Leibovitz 
L-15 plus gentamydn and nystatin (40 pg/mL each), and prepared 
witbin 30 min at room température.
Cell isolation and culture. Cardiac and pyloric segments were 
removed from the stomach, leaving the body and fundic régions. 
Tissue specimens were eut into expiants (3 x  3mm2) and rinsed with 
dissection medium [25]. The gastric épithélium was dissodated us­
ing a new nonenzymatic technique based on a procédure for recov- 
ering cells grown on Matrigel as previously applied to human fetal 
small intestine [26]. Expiants were immersed in ice-cold Matrisperse 
(from Collaborative Biomedicals, Bedford, MA) for 16 to 20 h and 
gently agitated for approximately 1 h (4°C), allowing dissociation of 
gastric cells as intact épithélial sheets or large aggregates. The 
resulting material was centrifuged and resuspended in culture me­
dium, Le., Dulbecco’s modified essential medium (DMEM) and Ham 
F-12 formulation (1:1) supplemented with penicillin (50 U/mL), 
streptomydn (50 pg/mL), and 10% fetal bovine sérum (vrv, Cellect 
Gold FBS from ICN Pharmaceuticals Canada, Montréal, Quebec). 
Epithelial aggregates were fragmented mechanically into multicel- 
lular clumps, seeded in plastic 6-well multiwell plates (5 x 10* cells 
in 3 mL) or 24-well plates (1.5 x 10* cells in 1 mL), and left undis- 
turbed for at least 24 h to allow attachment. Culture medium with 
nonattached material was discarded and renewed every 48 h.
Growth and morphology. Cell cultures were characterized after 
selected time intervais using phase-contrast microscopy. Cell num- 
ber and viability were evaluated after each day by hematocytometer 
counting and Trypan blue exclusion technique performed on trypsin-
dissodated cells [26,27]. The DNA synthesis rate was determined by 
incubating cells seeded in 24-well plates with 2 pCi/mL of [3H]thy- 
midine (Amersham Canada, Oakvüle, Ontario; sp. act 80 Ci/mmol) 
during the last 12 h of each time interval. Total DNA was preripi- 
tated by trichloroacetic add treatment and then solubilized with 0.1 
M NaOH -i- 2% Na2COs for 30 min and counted in a beta liquid 
scintillation System (Beckman Instruments, Fullerton, CA). Data 
were expressed as disintegrations per min (dpm) per dish.
Dye staining and immiuiocytochemistry. Cell suspensions were 
seeded on stérile glass coverslips (round 13 mm, from J.B.EM Ser­
vices, Dorval, Quebec). At the end of the culture intervais, specimens 
were rinsed with Hank’s balanced sait solution (HBSS), pH 7.4, and 
fixed in fresh 1% formaldéhyde diluted in 100 mM phosphate buffer, 
pH 7.4. Periodic add Schiff (PAS) staining was performed to identify 
mucus-secreting cells and Bowie staining [28] for pepsinogen-con- 
t s i n i n g  cells (cytoplasm stained dark violet) and pariétal cells (pink). 
Protein markers associated with human fetal gastric épithélial cells 
were analyzed by indirect immunofluorescence as described previ­
ously [7, 26] with the following antibodies directed to the (i) human 
growth factor receptors: EGF/TGFa-R (1:100; Upstate Biotechnol- 
ogy, Lake Pladd, NY), IGFl-R (1:25; Oncogene Research, distributed 
by Cedarlane, Homby, Ontario), HGF-R or c -met (1:200; Santa Cruz 
Biotechnology, Santa Cruz, CA), and KGF-R (1:100; anti-K-sam 
kindly given by Dr M. Terada, National Cancer Center Research 
Institute, Tokyo, Japan); (ii) digestive enzymes of gastric chief cells: 
human fundic pepsinogen (Pg5) and human gastric lipase (HGL) 
(1:150 and 1:4000, respectively; two polyclonal antisera obtained 
from R. Verger, A. DeCaro, and F. Carrière, INSERM Marseille, 
France); (iii) the anti-gastric H*/K*ATPase of pariétal cells (1:800; 
Calbiochem, LaJolla, CA); (iv) intermediate filaments: épithélial ker- 
atin-18 and mesenchymal vimentin (1:2000 and 1:200, respectively; 
Sigma-Aldrich Canada, Oakville, Ontario); and (v) junctional pro­
teins: cadherin-E (1:800; Transduction Laboratories, Lexington, KT) 
and tight junction protein ZO-1 (1:500; Zymed Laboratories, San 
Francisco, CA). Appropriate secondary antibodies (anti-mouse, rab­
bit, guinea pig) conjugated to fiuorescein isothiocyanate (F1TC) were 
then added. Specimens were examined on a Reichert Polyvar micro­
scope equipped for epifluorescence and photographed with Kodak 
TMAX film (400 ASA).
'Western blotting. Cells seeded in six-well plates were dissodated 
and lyzed as described [26]. Proteins (60 to 80-pg aliquots) were 
separated by SDS-PAGE, transferred onto nitrocellulose mem­
branes (BioRad, Mississauga, Ontario), incubated with primary an­
tibodies against HGL, Pg5, and keratin-18, and processed with the 
Western light plus chemiluminescent détection system (Tropix, Bed­
ford, MA). Autoradiograms exposed in a linear range were quantified 
by densitometric analysis with a LKB XL Ultroscan (Pharmacia, 
Baie dTJrfé, Québec) and signais were normalized to those of the 
keratin-18 controL
Enzymic activities. Cells were seeded in six-well plates and en­
zyme activities were measured in the absence or in the presence of 
100 ng EGF per mL as described previously for human fetal stomach 
[25]. Briefiy, lipolytic activity was measured using a long-chain tri­
glycéride substrate (glycerol tri[l-14C]oleaic add (Amersham; sp. act 
50 mCi/ mmol). Free [uC]oleic acid produced after a 1-h incubation 
was separated by liquid-liquid partition in chloroform/methanol/ 
heptane, collected in the supematant after précipitation with car­
bonate borate buffer, pH 10.5, and quantitated by liquid scintillation 
spectrometry [29]. Activity was expressed as nanomoles of free fatty 
adds released per min per milligram of protein. Pepsin activity 
resulting from activation of pepsinogen at add pH was measured by 
the method of Anson and Mirsky [30] using 1 mL of add-denatured 
and dialyzed hemoglobin (Sigma-Aldrich Canada, Oakville, Ontario) 
as substrate and 100 pL of homogenate [30]. Free amino add Prod­
ucts generated by pepsin activity in the supematant were quanti­
tated by spectrometry (280 nm) using a tyrosine standard. Pepsin 
spedfic activity was expressed in International Units (pmoles of
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substrate hydrolyzed per min) per milligram of protein. Protein was 
quantitated by the method of Lowry et àL [31].
Northern kybridization analysis. Total gastric RNA used in 
Northern blot analysis was isolated as described [32]. Equivalent 
amounts of RNA (20 pg) were used for electrophoresis through 1% 
agarose gels containing 6% formaldéhyde and blotted onto nylon 
membranes (Hybond-N; Amersham). Equal RNA loading was con­
firmed by ethidium bromide staining and by bybridization to a rat 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe [32]. 
Membranes hybridized with DNA probes were processed, blotted 
dry, and autoradiographed. For densitometric analysis, signais were 
normalized to those of the GAPDH controL
Statistical analysis. Results for cell counts and biochemical data 
were reported as means — SEM. Statistical significance was fixed at 
95% and was determined by analysis of variance followed by Stu- 
denf s t test when significance was indicated.
RESULTS
Dissociation kinetics of gastric épithélium from ex­
piants of human fetal stomach. The complété dissoci­
ation of the gastric épithélium from the surrounding 
mesenchyme was achieved within 20 h following Ma- 
trisperse treatment (Fig. 1). In freshly dissected gastric 
expiants, the épithélium lining the mesenchyme 
clearly extends from surface to base of gastric glands 
(Fig. 1A). After 10 h of incubation at 4°C in the disso­
ciation solution and gentle agitation, the épithélium 
begins to loosen and separates as intact épithélial 
sheets (Fig. 1B). When agitation is done at the end of 
the incubation period, the épithélium completely dis­
sociâtes, leaving only the underlying mesenchyme (Fig. 
1C).
Morphology and cell growth kinetics. Isolated épi­
thélial sheets were mechanically fragmented through 
pipetting cycles and resuspended in culture medium. 
Resulting cell clumps (10-30 cells) were plated in cul­
ture dishes in the absence of added biological matrix. 
Following adhésion, cells began to spread, forming 
dense épithélial colonies after 1.5 days of culture (Fig. 
2A). They reached confluençy by day 3 and displayed a 
polyhedral épithélial morphology (Fig. 2B). The integ- 
rity of the confluent monolayer remained unaltered for 
at least 7 days (Fig. 2C) and the first signs of degener- 
ation (çytoplasmic vacuolization) appeared in some 
cells during the second week of culture (Fig. 2D). Cell 
counts increased by twofold after 2 days of culture and 
do not significantly vaiy thereafter (Fig. 3A). In paral- 
lel, incorporation of [3H]thymidine into total DNA was 
determined during the last 12 h of culture at each 
interval. The incorporation rate was high after 1.5 days 
of culture, peaked after 2 days, and then diminished 
drastically (Fig. 3B).
Characterization of épithélial cells. Immunofluo- 
rescent staining of vazious markers confirmed the pu- 
rity of épithélial cultures and their integrity. Growing 
colonies and resulting monolayers were positive for 
keratin-18 (Fig. 4A) and a very low number of cells
FIG. 1. Dissociation kinetics of épithélium from expiants of hu­
man fetal stomach during Matrisperse treatment (A) Représenta­
tive light micrographs of intact gastric expiant (17 weeks of gestation 
showing the épithélium and the surrounding lamina propria. Füled 
arrow indicate the base of forming glands (x20, original magnifica­
tion). (6) Expiant treated for 10 h (mid-treatment). Blahk arrows 
illustrate the initial detachment of surface épithélium in large frag­
ments or intact sheets (x20, original magnification). (C) Expiant 
treated for 18 h. Note the complété dissociation of the épithélium 
from the remaining underlying mesenchyme (X40, original magnifi­
cation).
expressing the mesenchymal cell marker vimentin 
were visualized only at their periphery (Fig. 4B). The 
presence and cellular distribution of adhèrent junction
R e p ro d u c e d  with p e rm issio n  of th e  copyrigh t ow ner. F u rth e r  rep roduction  prohibited  w ithout perm issio n .
496 BASQUE ET AL.
4 ' r i, V*'.- .• v. t,
FIG. 2. Phase-contrast morphology of primary cultures of gastric épithélial cells. (A) After 1.5 days of culture, épithélial colonies are 
intensely spreading and fusing (x io , original magnification). (B) By day 3, a confluent monolayer of polyhedral and irzegulariy shaped cells 
is obtained (xlO, original magnification). (C) After 7 days, the monolayer remains confluent (xlO, original magnification). (D) After 14 days, 
the monolayer remains intact but vacuolisation is visible in some cell clusters (arrow) (xlO, original magnification).
components was also established. The ZO-1 protein 
associated with zonula occludens was homogeneously 
observed at cell-cell boundaries (Fig. 4C). Similarly, 
the zonula cuüterens-assodated E-cadherin was seen at 
the peripheral margins of ail cells (Fig. 4D). The pres­
ence of spécifie growth factor receptors for EGF, IGF-1, 
HGF, and KGF known to be normally expressed in 
fetal gastric épithélium was also verified after initial 
seeding and spreading, i.e., 1.5 days of culture (Figs. 
5A-5D). Spécifie staining pattems were visualized for 
ail growth factor receptors at the plasma membrane 
and/or çytoplasmic domains of cells. In order to ascer- 
tain the presence of différent gastric épithélial cell 
types, several différentiation markers were analyzed 
(Fig. 6). A positive PAS reactivity indicative of the 
intracellular accumulation of mudgenic granules was 
revealed in approximately 60% of total cells (Fig. 6A). 
An accumulation of mucus over the cells was also vi­
sualized. Furthermore, another subpopulation of cells 
was found positive for Bowie staining: a violet çytoplas­
mic reaction indicative of the presence of pepsinogen 
and chief cells was observed (Fig. 6B). The presence of 
a small population (5%) of pariétal cells was indicated
B
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FIG. 3. Growth characteristics of gastric épithélial cells. (A) Cell 
numbers were determined at différent culture intervais by dissocia­
tion (trypsin EDTA) of cultured cells and hematocytometer counting. 
The number of cells rapidly increases (twofold) during the first 48 h. 
(B) [sH]thymidine incorporation into total DNA. An increase in in­
corporation of radiolabeled precursor is noted after 1.5 days and 
peaks after 2 days of culture. Values represent the mean ± SEM of 
three separate and independent cultures.
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FIG. 4. Immunodetection of tissue-specific cell markers in gastric épithélial cells. After 1.5 days of plating, représentative indirect 
immunofluorescence micrographs of gastric cells stain for the détection of keratin-18 CA), vimentin (B), ZO-1 (C), and E-cadherin (D). Gastric 
épithélial cells are found positive for keratin-18, while vimentin was detected only in some cells at the periphery of colonies. Tight-junction 
and zonula adherens are localized homogeneously at the cell-cell interfaces (original magnifications: A, B, and D, X40; C, x20).
by a positive pink reaction to Bowie staining and im- 
munodetection of gastric H7K~-ATPase (Fig. 6C).
Functional status of human gastric chief cells. To 
better characterize the chief cell population, indirect 
immunofluorescence was performed after 1.5 and 5 
days of culture with spécifie antibodies recognizing di­
gestive enzymes characteristic of this cell type in hu- 
mans, namely, Pg5 and HGL. As illustrated in Figs. 7 
and 8, anti-Pg5 and anti-HGL stainings were observed 
in a significant proportion of cells, i.e., 20 to 25% after 
1.5 days (Figs. 7A and 8A) and 5 days (not shown) of 
culture. The zymogens were found associated with çy­
toplasmic secretory granules. Western blotting experi­
ments confirmed the cellular presence of the 34-kDa 
Pg5 (Fig. 7B) and the 49-kDa HGL proteins (Fig. 8B). 
However, while the densitometric déterminations 
showed that Pg5 expression rose during the 1.5- to 
5-day culture interval, the expression of HGL de- 
creased during the same period.
To possibly reveal différences between Pg5 and HGL 
kinetics in culture, enzymatic assays were performed 
after selected time intervais on cells and their media. 
Cumulative pepsin (Pg5) activity representing activity
measured in cells plus activities in media collected 
after 1.5, 3, and 5 days showed a constant increase in 
primary culture, total activity being multiplied 2.5 
times after 5 days (Fig. 9A). By contrast, total lipase 
(HGL) activity showed only a modest but significant 
increase during the same period (Fig. 9B). We then 
evaluated the capacity of chief cells to express and 
secrete both digestive enzymes between given culture 
intervais, i.e., 1.5 -*■ 3 days and 3 —» 5 days. As shown 
in Fig. 9C, intracellular pepsin activity remained con­
stant as well as their capacity to secrete pepsin in the 
culture medium, allowing for the progressive increase 
of total activity seen in Fig. 9A. Even though HGL 
continued to be produced during culture, it was rapidly 
secreted into the culture medium rather than accumu- 
lated in the çytoplasm of cells (Fig. 9D). We verified by 
Northern blotting that HGL-mENA levels were high at 
the beginning of culture (1.5 day) but progressively 
decreased thereafler (not shown). Previous results 
from our laboratory have demonstrated that EGF re­
duces lipase activity as well as HGL-mBNA expression 
in organ culture [30, 32]. Herein, the addition of 100 
ng/ml EGF in primary culture resulted in a significant
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FIG. 5. Immunodetection of growth factor receptors (1.5 days of culture). (A) Human EGF-R. (B) IGF1-R. (C) HGF-R or c-met protein. (D) 
EGF-R or E-sam protein. These receptors known to be expressed in fetal gastric épithélial cells in vivo are readily detected in cultured cells 
and exhibit their characteristic cellular pattems: membrane-associated EGF-R, less abundant IGF1-R, membrane-bound, and çytoplasmic 
for c -met and KGF (original magnifications; A-D, X40).
decrease of HGL cellular activity after 1.5 day of cul­
ture (Fig. 10A) without affecting that of pepsin. EGF 
also diminished HGL-niRNA levels (Fig. 10B) during 
the same time interval, indicating that lipase expres­
sion in primary culture is primarily regulated at the 
transcriptional level.
DISCUSSION
In the présent investigation, we demonstrate that 
the digestive épithélium can be totally dissodated from 
the developing human gastric mucosa with Ma- 
trisperse to generate primary cultures composed of ail 
gastric épithélial cell types that are maintained under 
minimal conditions. The above nonenzymatic dissod- 
ating procédure appeared to be very effident as for the 
practicability of isolation as well as for preserving cel­
lular integrity and viability. In the past, several at- 
tempts have been made in order to generate épithélial 
monolayer cultures from stomach of various animal 
models [12,13,17,19] and human adult [16]. Conven­
tional techniques for isolating gastric épithélial cells
mostly induded the use of dissodating enzymes such 
as collagenase, dispase or pronase [12-15]. These pro- 
tocols resulted in poor épithélial cell recovery and often 
some degree of contamination by mesenchymal cells. 
Furthermore, these gastric primary cultures consisted 
almost entirely of surface mucous cells with very few 
pariétal cells and, most notably, no chief cells [13, 20, 
35].
The use of Matrisperse under the conditions for- 
merly described for small intestine [26] allowed the 
isolation of the entire gastric épithélium as intact 
sheets or large aggregates almost devoid of mesenchy­
mal contamination, as assessed by indirect immunoflu­
orescence of keratin-18 and vimentin. Following disso­
ciation and mechanical fragmentation, cell clumps 
(10-30 cells) attached to the plastic dishes, spread, and 
reached confluençy within 3 days. The presence and 
ability of a subpopulation of precursor cells to prolifer- 
ate was confirmed by cell counts and the incorporation 
of [3H]thymidine into DNA. Histochemical and immu- 
nological analyses of épithélial cultures showed that 
they consisted of three major differentiated cell types,
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were relatively surprising since the maintenance of a 
differentiated phenotype in existing gastric primary 
cultures required the support of mesenchymal constit- 
uents [17-19]. This could be explained by the fact that 
single-dissodated épithélial cells show a poor capacity 
for survival in culture compared to multdcellular aggre­
gates. Another key element could be related to the 
recent observation that permanent cellular damage 
occurs rapidly when cells are separated from their ex- 
tracellular matrix support [36, 37], a phenomenon 
highly susceptible to occur when enzymatic based pro- 
tocols of epithelial-mesenchymal dissociations are per­
formed.
As opposed to existing gastric épithélial cell cultures 
[17, 20, 35], the Matrisperse-generated cultures con-
FIG. 6. Histochemical analysis of functional markers. (A) PAS 
staining showing intense reactivity in a majority (50—60%) of cells. 
Dark staining at the center of the spedmen reveals the presence of 
secreted mucus (x l6 , original magnification). (6) Bowie staining of 
pepsinogen-containing cells with their dark violet appearing cyto- 
plasm, as indicated by arrows (x l6 , original magnification). Insert 
illustrâtes a positive cells at higher magnification (X40, original 
magnification). (C) Indirect immunofluorescence of H*/K*-ATPase 
revealing pariétal cells (X40, original magnification).
i.e., mucous, chief, and pariétal cells which retained 
most, if not ail, of the differentiated characteristics 
found in the foveolus- gland axis including junctional 
complexes, spécifie growth factor receptors, and func­
tional markers [25,33-35]. Importantly, these primary 
cultures of gastric épithélial cells survived in the ab­
sence of added biological substratum for more than 1 
week without visible altération. These observations
<  0.4
S  o.i
5 days
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FIG. 7. Immunodetection of human pepsinogen (Pg5) in gastric 
cells 1.5 days after plating. (A) A subpopulation of cultured cells 
shows an intense granular staining (arrows) (X40, original magnifi­
cation). (B) Représentative Western blot analysis of cultured cells at 
1.5, 3, and 5 days, showing Pg5 and keratin-18 reactivity. Densito- 
metric analysis illustrâtes the relative levels of Pg5 protein ex­
pressed in arbitraiy units (AU) as the values were normalized to 
keratin-18 signais. Values represent the mean ri SEM of four sepa­
rate and independent experiments.
R e p ro d u c e d  with p e rm issio n  of th e  copyrigh t ow ner. F u rth e r  rep roduction  prohibited  w ithout perm issio n .
500 BASQUE ET AL.
retained their capacity to synthesize and secrete Pg5 
and HGL in vitro. Interestingly, differential expression 
and sécrétion profiles for both digestive enzymes in cell 
culture appear similar to pattems previously reported 
with human fetal gastric expiants maintained in organ 
culture [25]. Furthermore, EGF which has been shown 
to downregulate HGL activity/mRNA without affecting 
Pg5 in gastric expiants [32, 34] exerts the same mod- 
ulatory effect in the current System. These data not 
only confirmed the functionality of chief cells within 
the primary culture but illustrate the potential useful- 
ness of such a new system by establishing that EGF 
directly modulâtes the synthetic activity of this épithé­
lial population without the implication of surrounding 
mesenchyme.
In summary, using this convenient and reprodutible 
nonenzymatic dissociation technique, gastric épithélial 
primary cultures représentative of the intact foveolus- 
gland axis can be generated from human fetal stomach 
and maintained viable, even in the absence of added 
biological matrix. Some intrinsic qualifies of fetal gas­
tric tissue may de déterminant for the long-term fate of 
primary cultures such as the in itia l prolifération burst, 
the increased production of autocrine factors, and the 
low level of add sécrétion that seems to be so deleteri-
9kD
FIG. 8. Immunodetection of human gastric lipase (HGL) in gas­
tric cells 1.5 days after plating. (A) Similarly to Fig. 7, a subpopula­
tion of cells is immunoreactive for anti-HGL staining (X40, original 
magnification). Insert shows a positive chief cell at higher magnifi­
cation (X40, original magnification). (B) Représentative Western blot 
analysis of cultured cells at 1.5, 3, and 5 days showing HGL and 
keratin-18. Densitometric analysis show the relative levels of HGL 
protein expressed as arbitrai; units (AU) as the values were nor- 
malized to keratin-18 signais. Values represent the mean ± SEM of 
four separate and independent experiments.
tained a significant population of chief cells identified 
by Bowie staining and immunological analyses. The 
latter cell type was indeed characterized by the pres­
ence of both pepsinogen (Pg5) and gastric lipase (HGL) 
associated with secretory granules, as previously re­
ported for intact human gastric glands [38]. This is 
particularly important since our understanding of the 
regulatory mechanisms of human chief cell fonctions 
has remained fragmentaiy because available animal 
models either lack gastric lipase (rat/mouse [39]) or 
have both gastric digestive enzymes located in différ­
ent cell types (dog [40], cat [41], rabbit [42], guinea pig 
[43]). Herein, we demonstrate that human chief cells
5 days
m 150
= 100
5 days 5 days
FIG. 9. Pepsinogen (Pg5) and lipase (HGL) activity in gastric 
épithélial cells. Cumulative activity of Pg5 (A) and HGL (B) deter­
mined in cells and media after 1.5,3, and 5 days of culture. Synthesis 
and sécrétion profiles of Pg5 (C) and HGL (D) activities measured in 
cells (H) and in medium O  between culture intervais (1.5 -»  3 days, 
3 —*• 5 days).
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gastric fonctions in the context of normal physiology or 
in pathological conditions. Another important applica­
tion for this primary culture system would involve 
studying the complex pathogenesis of Helicobacter py- 
lori on mixed populations of human gastric épithélial 
cells since there is increasing evidence that the etiology 
of gastric ulcer induced by this agent in vivo not only 
involves its binding to surface mucous cells but also a 
dysregulation of glandular zymogen production [44, 
45].
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FIG. 10. Effect of EGF on Pg5 and HGL activity and on HGL- 
mRNA expression. (A) Pg5 and HGL activity determined in three 
separate cultures (stacked bars) in absence (control) or presence of 
100 ng EGF/ml for 1.5 days of culture. For each culture, the variation 
of activity is illustrated as the percentage of increase or decrease 
relative to its own control value. (6) Northern blot experiments of 
HGL-mRNA performed in cultured cells after 1.5 days of culture. The 
addition of 100 ng/ml of EGF significantly reduces HGL transcripts 
(E) as opposed to Controls (C). Densitometric analysis expressed in 
arbitrary units (AU) is normalized to GAPDH signais used as con- 
troL Values represent the mean ± SEM of three separate and inde- 
pendent experiments.
ous for the integrity of adult tissue in expérimental 
conditions. It is also true that human fetal gastric 
glands exhibit adult-type functional characteristics as 
soon as 15 weeks of gestation even though they are 
smaller than their adult counterparts. At this stage, 
the histological compartments of the foveolus-gland 
structure and the differentiated épithélial cell types 
are already determined and established while cell-spe- 
dfic différentiation markers, membrane receptors for 
known hormones and growth factors as well as extra- 
cellular matrix components and their integrin-type re­
ceptors are properly distributed along the foveolus- 
gland axis [7, 34]. This culture system therefore 
represents an expérimental breakthrough that will 
serve applications in investigating the individual or 
coopérative actions of hormones, mesenchymal growth 
factors, and basement membrane proteins on human
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Abstract Laxninins may play important rôles in gastric 
gland development due to the differential localization of 
their a  chains in human fetal fundic (oxyntic) mucosa. 
To extend this hypothesis, the current investigation was 
undertaken to compare the anatomical and cellular distri­
bution of épithélial integrin subunits with those of lami- 
nin a  chains in the human stomach at différent âges 
(8-22 weeks of gestation) using indirect immunofluores­
cence. In the body, fundus and antrum régions, the pl 
and a6 subunits were associated with the entire épithéli­
um at ail developmental stages in the same way as lami- 
nin chains (al/a5) detected with 4C7 monoclonal anti- 
body. By contrast, the cc3 and p4 subunits of a3pi and 
a6p4 integrins together with the laminin cc3-chain were 
concentrated in the surface and foveolus compartments 
composed of differentiating mucous cells. Most impor- 
tantly, the oc2 integrin subunit was expressed in a rather 
complex pattem: (1) it was located at the base and at 
cell-cell boundaries of surface/foveolar épithélium, (2) 
was specifically repressed in differentiating pariétal 
cells, and (3) its expression increased in maturing glands, 
where it became concentrated at the basai pôle of épithé­
lial cells simultaneously exhibiting a strong reactivity for 
laminin-2 (a2-chain). Taken altogether, our observations 
provide new evidence for the implication of différent 
laminins and their receptors in the development of ail hu­
man gastric épithélial lineages, surface mucous cells or 
glandular cells. The coordinated expression of oc2 and ot3 
integrin subunits as well as the cellular re-distribution of 
a2pi integrin likely represent key events for the différen­
tiation of glandular secretory cell types, especially matur­
ing chief cells responsible for the synthesis/secretion of 
gastric digestive enzymes in fondic-type glands.
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Introduction
In the developing and adult human gut, many épithélial 
fonctions such as reversai of apoptosis, mitogenesis, différ­
entiation and restitution involve cell-cell and cell-matrix 
coopérative signais mediated by hormones/growth factors 
and extracellular matrix proteins (Ménard 1989; Dauça et 
al. 1990; Podolsky and Babyatsky 1995; Beaulieu 1997; 
Montgomery et al. 1999). At the level of the stomach in 
particular, différentiation and specialization of gastric épi­
thélial cell types, i.e. mucous, pariétal, chief and endocrine 
cells, require instructive/permissive signais from the sur­
rounding mesenchyme (Fukamachi et al. 1979), hormones 
and local growth factors (Johnson 1985), as well as forma­
tion of a specialized basement membrane at the epithel- 
ium-mesenchyme interface (Sanders 1983; Otani et al. 
1993). Moreover it is known that normal renewal and dif­
férentiation of the gastric épithélium operate through a 
tightly regulated phenomenon of bidirectional migration 
(Karam and Leblond 1995). As they progressively acquire 
their specialized digestive fonctions, undifferentiated cells 
migrate from the junctional proliferative compartment 
(isthmus) towards the foveolus where they differentiate in­
to surface mucous cells or towards the neck and base of 
glands where they give rise to neck mucous cells, acido- 
genic pariétal cells and zymogenic chief cells. Such con­
cepts were verifïed previously for the developing human 
stomach (Ménard and Arsenault 1990; Ménard et al. 
1993).
Some evidence was recently provided conceming the 
potential rôles of basement membrane laminins (apy 
chain heterotrimers) and integrin-type receptors (ap sub­
unit dimers) in these regulatory events, based upon their 
spatially restricted pattems of distribution along the 
foveolus-gland axis. The pl and yl laminin chains are 
detected with collagen IV and heparan sulfate proteogly- 
can at the base of ail épithélial cells lining the develop-
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ing (Tremblay and Ménard 1996) or mature human gas­
tric mucosa (Virtanen et al. 1995). These studies also il- 
lustrated that a  chains recognized by the 4C7 monoclo­
nal antibody are uniformously expressed along the 
foveolus-gland axis. However a recent re-evaluation of 
4C7 specifïcity suggested that this antibody does not on­
ly detect the a l  chain, as once presumed, but also the 
structurally-related a5 chain (Tiger et al. 1997; Tani 
et al. 1999). In this regard, laminin-1 (a lp ly l heterotri- 
mer) is known to be a major constituent of die Matrigel 
or EHS matrix (Engelbreth-Holm-Swarm mouse sarco- 
ma) and its expression seems highly coordinated in 
vivo with that of laminin-10 (a5plyl), the form detected 
in a ubiquitous manner at later stages of épithélial matu­
ration (Sorokin et al. 1997a,b). Another basement mem­
brane laminin, named merosin or laminin-2 (a2plyl), is 
located in growing fetal glands and in the basai half of 
adult units (Virtanen et al. 1995; Tremblay and Ménard 
1996), thus suggesting a rôle in différentiation and/or 
maintenance of glandular cells. By contrast, laminin-5 
(a3P3y2) and its putative receptors, the a3pl and a6P4 
integrins, are strictly restricted to the surface and foveo­
lar mucous épithélium in adult stomach (Virtanen et al. 
1995). The expression and localization of spécifie inte­
grins in relationship to the différentiation of épithélial 
cell lineages in developing human gastric mucosa have 
yet to be determined. Among other receptors that bind 
laminins and that could be involved in the différentiation 
process of gastric épithélial cells the oc2pl and a7Bpi 
integrins are also potential candidates. Indeed it has been 
suggested that a2p i integrin may assume an important 
and complex regulatory fonction in developing human 
small intestinal mucosa (Beaulieu 1992; Perreault et al.
1995) due to its varying affinities for collagens and lami­
nins in différent cell types (Elices and Hemler 1989; 
Kirchhofer et al. 1990) and its association with cell-cell 
contacts (Symington et al. 1993). Furthermore, the a7B 
subunit of a7Bpl integrin has been implicated with 
growth arrest and sucrase-isomaltase induction at the 
crypt-villus junction (Basora et al. 1997). Therefore the 
aim of the current study was to compare the tissue and 
cellular distribution of épithélial integrin subunits 
(o2,a3,a5,a6,a7B,av,pi,p4) with those of laminin 
a-chains (al/o5,a2,a3) in différent régions of the hu­
man stomach at varying âges (8-22 weeks of gestation) 
using indirect immunofluorescence. We provide new evi­
dence for the involvement of spécifie laminins and inte­
grin receptors in the development of human gastric épi­
thélial lineages, especially laminin-2 and a2pi integrin 
in relation to the différentiation of glandular pariétal and 
chief cells.
Materials and methods
Collection of specimens
Gastric tissues from 34 fetuses varying in âge from 8 to 22 weeks 
postfertilization -  fetal âges were estimated according to Streeter 
(1920) -  were obtained from normal elective pregnancy termina-
tions. Studies were approved by the Insdtutional Human Subject 
Review Board and no tissue was collected from cases associated 
with known fetal abnormality or death. The stomach was im­
mersed within a few minutes in dissection medium, i.e. Leibovitz 
L-15 medium (Gibco BRL Life Technologies, Burlington, On­
tario) containing gentamycin and nystatin (40 p g/ml). After exci­
sion of the cardia at the stomach-esophagus junction, specimens 
were eut into body/fundus/pyloric antrum portions, rinsed with 
medium, directly embedded in OCT (Optimum Cutting Tempér­
ature embedded compound; Tissue Tek, Miles Laboratories, 
Elkhart, Ind.) and frozen in liquid nitrogen. Three-4 pm ciyosec- 
tions were made on a Frigocut microtome (Leica Canada, St-Lau- 
rent, Quebec) and stored at -80°C.
Indirect immunofluorescence
Upon thawing, immunohistochemistry was performed as de­
scribed by Tremblay and Ménard (1996) on specimens fixed in ac- 
etonexhloroform (1:1) for 5 min at 4°C. After réduction of non 
spécifie binding, sections were incubated in a humidified chamber 
for 1 h at ambient température with the primary antibody diluted 
in 5% Blotto or in 2% bovine sérum albumin (BSA fraction IV, 
Sigma-Aldrich Canada, Oakville, Ontario) in phosphate-buffered 
saline (PBS). The appropriate secondary antibody conjugated to 
fluorescein isothiocyanate (FITC) was then added for 1 h. Exten- 
sive washings were performed between each of the previous steps. 
Sections were finally counterstained with 0.01% Evan blue in PBS 
and mounted in glycerokPBS (9:1) containing 0.1% paraphenyl- 
enediamine and observed with a Reichert Polyvar 2 microscope 
(Leica Canada) equipped for epifluorescence. Photographs were 
taken with Kodak Tri-X Pan (400 ASA) film. Non spécifie immu- 
nostaining was evaluated by omitting the primary antibody or re- 
placing it with non immune sérum.
Antibodies
In the current study, a set of mouse monoclonal antibodies against 
human proteins selected for their high specifïcity and sensitivity in 
immunohistochemistry experiments were used to reveal the fine 
expression pattems of laminins and integrins. Since these probes 
were generated in the same host species, double labeling immuno­
fluorescence could not be performed. Laminins were localized us­
ing antibodies directed against a  chains known to be présent in the 
basement membrane of épithélial cells: an antibody reacüng with 
anti-<xl/a5 chains (1:100; 4C7 monoclonal from Dr. E. Engvall, 
LaJolla Cancer Research Foundation, LaJolla, Calif.; Engvall et al. 
1990) was used to detect laminins-1/10 (a ip iy l and a5plyl), 
anti-a2 chain (1:100:5H2 from Gibco BRL; Leivo et al. 1988) for 
laminin-2 (cc2plyl), and anti-a3 chain (1:100; monoclonal from 
Dr. R.E. Burgeson, Massachusetts General Hospital, Charlestown, 
Mass.; Rousselle et al. 1991) for laminin-5 (a3P3y2) and its re- 
lated forms. Indeed, the anti-(x3 antibody recognizes two other re- 
lated laminins in vivo, laminin-6 (a3plyl) and laminin-7 
(a3p2yl), that co-localize and form with laminin-5 a highly cohe- 
sive macromolecular assembly (Gerecke et al. 1994). The expres­
sion of épithélial integrins was analyzed using antibodies directed 
against spécifie a  and P subunits: anti-a2 (1:200; P1E6, Gibco 
BRL; Wayne and Carter 1987), anti-a3 (1:2000; P1B5, Gibco 
BRL; Wayne and Carter 1987), anti-a6 (1:200; G0H3, Serotec 
Canada, Mississauga, Ontario; Sonnenberg et al. 1988), anti-pi 
(1:25; Abl3 from Dr. S.K. Akiyama, Howard University Cancer 
Center, Washington DC; Akiyama et al. 1989) and anti-p4 
(1:5000; 3E1, Calbiochem; Hessle et al. 1984). A rat anti-ct5 
monoclonal (1:100; Abl6 ; Akiyama et al. 1989) and two rabbit 
anti-a7A and anti-a7B polyclonals (1:100; kindly given by Dr. E. 
Engvall; specificity verified in Basora et al. 1997) were also test- 
ed. A mouse monoclonal antibody against the a  subunit of the 
gastric H+/K+ATPase pump (1:800; HK 12.18, Calbiochem) was 
used to identify pariétal cells. Goat anti-rabbit IgG, goat anti- 
mouse and goat anti-rat conjugated to FITC were used as fluores-
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cent secondary antibodies (ail purchased from Boehringer Mann- 
heim Canada, Laval, Québec) and were diluted in BSA-PBS at the 
1:50,1:30 and 1:30 concentrations respectively.
Results
Proteins expressed in undifferendated épithélium
Previous data (Salenius 1962; Tremblay and Ménard
1996) have demonstrated that the uninduced human gas­
tric mucosa (8-10 weeks of gestation) is lined by a pseu- 
dostratified undifferendated épithélium that is already 
characterized by the presence of a well defïned basement 
membrane at the interface of épithélial cells and stroma. 
The prototypic basement membrane components heparan 
sulfate proteoglycan, collagen IV and al/ct5 chains of 
laminins were detected at this early stage by immunohis­
tochemistry. Ail integrin subunits analyzed in the current 
study (oc5 subunit excepted) were présent in the unin­
duced épithélium (results not shown) and this could still 
be visualized between 10 and 12 weeks when the forma­
tion of glands is initiated and when the gastric mucosa is 
pardy lined by a pseudostratified undifferendated épithé­
lium, as shown below. In addition, no significant staining 
was visualized when any given primary antibody was 
omitted or replaced by the appropriate non immune 
mouse or rabbit sérum (not shown). One mouse sérum 
control is shown in Fig. 6C.
Proteins associated with entire gastric épithélium 
Laminin al/a5 chains
The 4C7 antibody produced an uniformous staining 
pattem at the level of épithélial basement membrane at 
12 weeks when the surface mucosa is lined by a simple 
épithélium, glandular anlagens and foci of pseudostrati­
fied épithélium (Rg. 1A). Blood vessels were positive as 
well. Upon élongation and différentiation of glands, ex­
pression persisted and remained uniformous at the base 
of ail épithélial compartments, in body/fundus (Fig. 1B) 
and pyloric antrum (Fig. 1C).
p l integrin subunit
The presence of the immunoreactive p l subunit, known 
to associate with various a  subunits, was demonstrated 
at ail developmental stages and in ail gastric compart­
ments (Rg. 1D-F). Although concentrated at the base of 
épithélial cells, immunostaining was also found into 
their cytoplasm and at intercellular contacts, as well as in 
several components of the lamina propria, i.e. smooth 
muscle cells, blood vessels and subepithelial mesen­
chyme.
0t6 integrin subunit
This subunit was expressed by ail undifferentiated and 
differentiated épithélial cells (Fig. 1G-I). No différence 
was observed between fundic-type and antral glandular 
units. At the cellular level, <x6 was clearly concentrated 
at the basai domain and the cytoplasm was faintly posi­
tive.
Proteins associated with surface/foveolus épithélium 
Laminin oc3 chain
The anti-cx3 laminin chain staining was mainly associat­
ed with surface épithélium. In 12-week specimens more 
precisely, reactivity was detected in the basement mem­
brane of undifferentiated and differentiated surface cells 
(Fig. 2A). The base of glandular anlagens already form- 
ing in the body/fundus was négative. At a later stage 
(18-20 weeks), labeling was associated with surface and 
foveolus épithélium, the glandular portion of fundic-type 
units being négative, while some non spécifie labeling of 
the primary antibody to mucus granules was observed 
(Fig. 2B). A similar staining pattem was found at the 
level of the antrum, where only the distal end of secreto- 
ry units was négative (Fig. 2C).
a3 integrin subunit
Similarly as seen for laminin oc3 chain at the level of 
body/fundus, this subunit was more abundant in differen­
tiating surface épithélium at 12 weeks (Fig. 2D) and 
20 weeks (Fig. 2E). Immunostaining was visualized at 
latéral cell domains and a weàker reactivity was ob­
served at the peripheiy of glandular cells. A weak and 
diffuse non spécifie labeling of the anti-oc3 antibody to 
surface mucus was visualized (Fig. 2E). Most strikingly, 
the cc3 subunit was deposited at the basai pôle of foveo­
lar and surface cells, i.e. those simultaneously expressing 
the laminin ot3 chain. In the antrum région, a relatively 
uniform staining was found along the surface-gland axis 
(Rg. 2F).
P4 integrin subunit
It was présent in the épithélial basement membrane of 
12-week specimens in a non-uniform manner (Fig. 2G). 
Compared to the pi subunit, its expression decreased in 
early-induced glands. In oxyntic gastric mucosa, P4 was 
concentrated at the level of surface/foveolus compart­
ments, and was additionally detected -  although with de- 
creasing intensity -  in the médian and lower portions of 
glands (Rg. 2H). Similar results were obtained for the 
antrum (Fig. 21).
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Fig. 1 Immunolocalization of laminin a l/aS  chains (A-C) and 
integrin subunits pl (D-F) and ot6 (G-I). Upper panel represents 
12-week body; middle panel, 20-week body/fundus; and lower 
panel, 20-week antrum. The a l/a 5  chains were detected in the 
basement membrane of ail épithélial cells. The (31 integrin subunit 
was expressed in the entire épithélium and mesenchyïnal deriva- 
tives. Staining was concentrated at the basai pôle of épithélial cells 
but also detected at their periphety and into their cytoplasm. The 
a6 subunit was found at the base of ail épithélial cells with a faint 
çytoplasmic reactivity. Bar 100 pm
a5 and a7B integrin subunits
The épithélium was consistently négative for anti-a5 in­
tegrin staining (Fig. 3A) although this subunit was suc- 
cessfully localized in fetal intestine (not shown), as ex- 
pected from earlier findings (Beaulieu 1992). The anti- 
<x7B antibody recognizes both a7A and a7B isoforms 
while the anti-a7A antibody specifically binds the first 
subunit (Basora et al. 1997). Both antibodies were labeled 
with muscular tissue (not shown) and the anti-a7B addi-
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Fig. 2 Immunolocalization of laminin <x3 chain (A-C) and inte- 
grin subunits cc3 (D-F) and P4 (G-I). Upper panel: 12-week 
body; middle panel: 20-week body; lower panel: 18-week antrum. 
The <x3 chain of laminin was présent at ail stages in the basement 
membrane of differentiating mucous épithélium (arrowheads). 
Note the absence of reactivity at the base of fundic-type glands 
and the more extended staining in antral units. Apical labeling rep- 
resents non spécifie binding to mucus granules. The a3 integrin 
subunit was abundant at the basai pôle of mucous épithélial cells. 
A positive reaction was ubiquitously observed at cell-cell contacts, 
where intensity decreased in fundic-type glands (arrows in DJE). 
The (34 subunit was localized at the base of ail épithélial cells with 
decreasing intensity towards the bottom of glands. Bar 100 pm
tionally reacted with the surface épithélium (Fig. 3B). 
Staining was weak compared to anti-oc3 integrin, for ex­
ample, and some non spécifie labeling to mucus was vi- 
sualized.
ccv integrin subunit
This subunit was associated with poorly-differentiated 
épithélium (Fig. 3C) and surface épithélial cells (Fig. 3D). 
Nonetheless, its distribution pattem differs from those of 
integrins suspected to act as laminin receptors. A weak an-
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Fig. 3 Immunolocalization of integrin subunits a5 (A), a7B (B) 
and av (C,D). Alpha5 subunit was not expressed; a7B was detect- 
ed at a low level in surface épithélium (blank arrow); av was 
found at the cell periphery in undifferentiated (filled arrow) and 
differentiated épithélium where it was concentrated in surface épi­
thélial cells (arrowhead). Data are shown for the gastric body at
17-18 weeks (A.B.D) and 12 weeks (C). Bar 100 pm; hatched 
bar 200 pm
ti-av staining was found only at cell-cell boundaries, not 
at the epithelium-basement membrane interface.
Laminin-2 in gastric glands
The immunoreactive laminin-2 protein was localized 
with an antibody raised against the a2  chain. The surface 
épithélium was négative and early-forming glands were 
mildly reactive (Fig. 4A). Its expression increased with 
advancing âge and upon différentiation of oxyntic units 
(Fig. 4B). Staining was more intense in the inferior half 
of glands and a weaker labeling was found towards the 
foveolus. In antral units, anti-oc2 chain reactivity was 
less intense and less extended towards the surface 
(Fig. 4C).
The case of the cc2 integrin subunit
The général distribution of immunoreactive a2 subunit 
was ubiquitous at ail developmental stages and in the 
différent gastric compartments. Its cellular distribution, 
however, varied dramadcally among épithélial popula­
tions. At the level of surface/foveolus épithélium, immu- 
nostaining was observed at cell-cell contacts (Fig. 4D,E) 
and then at the basement membrane interface upon fur- 
ther différentiation (Fig. 4G). The situation was similar 
in the more elongated antral units (Fig. 4F). An intense 
intercellular labeling was also observed in glandular fun- 
dic épithélium (Fig. 4E) and a progressive re-distribution 
of oc2 reactivity was evidenced towards the basai cellular 
pôle at 20 weeks (Fig. 4H) and 22 weeks (Fig. 41). More- 
over the expression of <x2 was totally repressed in a sub­
set of cells differentiating at the base of early-forming 
(Fig. 4D) and maturing oxyntic glands (Fig. 4E) as well 
as in antral glands (Fig. 4F). Comparison of stainings for 
<x2 subunit and gastric H+/K+ATPase pump clearly sug- 
gests that cc2-negative cells correspond to pariétal cells 
at the level of body/fundus at 12 weeks (Fig. 5A com- 
pared with C), at 18 weeks (Fig. 5B compared with D) 
and in the antrum (Fig. 5E,F compared with 4F). In order 
to confïrm such a relationship, the same protocol was 
carried out on serial sections of two 19-20-week spéci­
mens since the set of mouse monoclonal antibodies used 
does not allow the double immunofluorescence strategy. 
Fig. 6A,B indeed shows that cx2 is undetectable in 
H+/K+ATPase-positive cells of the same gland, thereby 
demonstrating that the expression of a2 integrin subunit 
and pariétal cell différentiation are mutually exclusive.
Discussion
Our previous study (Tremblay and Ménard 1996) sug- 
gested that laminins may play important rôles in gastric 
gland development due to the differential localization of 
their a  chains in the basement membrane of épithélial 
cells lining the human fetal gastric mucosa. The current 
investigation indeed provides new evidence for the im­
plication of différent laminins and their integrin-type re- 
ceptors in the development of ail human gastric épithé­
lial lineages, surface mucous cells or glandular cells. In 
représentative foveolus-gland units of the body/fundus 
région that are known to secrete mucus, HC1 and zymo- 
gens (gastric lipase, pepsinogen), the pl and a6 integrin 
subunits were associated with the endre épithélium. In 
fact, both were detected as early as 8 weeks of gestation 
in stratifîed undifferentiated épithélium. Similar observa­
tions were made in growing antral units although these 
structures assume différent digestive functions by pro- 
ducing gastrin, mucus and low HC1 levels. The latest re- 
sults (summarized in Fig. 7) thus provide a strong indi­
cation that the aôpi integrin possibly médiates the ef- 
fects of laminins on the primary différentiation and 
maintenance of a polarized phenotype in gastric épithé­
lial cells. The closely related laminins-1 and -10 may
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Fig. 4 Immunolocalization of laminin ct2 chain (A-C) and inte­
grin a l  subunit (D-I). The cc2 chain of laminin was detected in 
the basement membrane of early-forming glands (13 weeks. A) 
and its expression incieased with âge, particularly at the base of 
fundic-type units (20 weeks, B). It was also présent in antral units 
although staining was weaker and restricted to their inferior half 
(C). The integrin cc2 subunit was detected at intercellular contacts 
in surface and upper glandular cells, while those differentiating at 
the base of oxyntic units were négative (arrows; 12-week body, D;
18-week body, E). In the antrum région, the a l  subunit was abun- 
dant and deposited at the basai pôle of cells (F; two a2-negative 
cells are indicated by an arrowhead). In fundic-type mucosa, dé­
position at the basai cellular domain was evidenced in surface épi­
thélium (arrows, G) around 20 weeks. Basai translocation was 
also progressively established in glandular épithélium at 20 weeks 
(arrowheads, H) and 22 weeks (I). Bar 100 pm; hatched 
bar 50 pin
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Fig. 5 Comparative distribution of integrin a2 subunit (A 3) and 
a  subunit of gastric H+K+ATPase (C-F). At the level of the 
body/fundus, early disappearance of <x2 subunit coïncides with ap- 
pearance of H+K+ATPase in differentiating pariétal cells at the 
base of glands (12-week, A,C). Upon development, anti-
H+K+ATPase staining becomes intense at the level of a2-negative 
cells (20-week, B,D)- A reduced number of pariétal cells express­
ing the pump were found in the antrum (13-week, E; 20-week, F). 
Compare with Fig. 4F where two a2-negative cells are indicated 
Bar 100 pm
W i» À *
Fig. 6 Localization of integrin a l  subunit (A) and H+K+ATPase 
(B) on two serial sections of a 19-week specimen. The absence of 
cc2 subunit in given glandular cells (three dusters are indicated by
arrowheads) correlates with positive H+K+ATPase staining. Con- 
trol experiment was performed with non immune mouse sérum 
(C; p  pariétal cells). Bar 100 pm
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Body and Fundus 1/10 2 5 pl P4 a6 a3 a2
20 weeks
Laminins Integrins
Pyloric antrum 1/10 2 5 pl p4 a6 a3 a2
V .« J  »  x
( M, mitotic cells )
Fig. 7 Summary of immunohistochemica] results. Distribution of sion gradient. For the a2 integrin subunit, domains of medium and
basement membrane laminins and épithélial integrins along the high expression are represented in grey and black respectively
functional foveolus-gland axis in fundic-type and antral mucosa. while blanks evoke the absence of <x2 in pariétal cells (p)
Triangles illustrate a longitudinal increasing or decreasing expres-
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act as ligands for this integrin since reactivity against 
their a l/a 5  chains (4C7 antibody) was detected in a 
ubiquitous manner together with pl and yl chains in the 
différent gastric compartments of ail fetal specimens 
(Tremblay and Ménard 1996; Fig. 1), as previously re- 
ported for adult fundic stomach (Virtanen et al. 1995).
Altematively, the distribution of a3 and P4 subunits in 
body/fundus was concentrated or restricted to surface and 
foveolar mucous cells, as also observed for the laminin a3 
chain. Both oc3pl and a6P4 integrins, already identified in 
a variety of épithélial tissues, may thus serve as receptors 
for oc3-containing laminins (-5,-6,-7) and as effectors of 
mucous cell différentiation in oxyntic gastric mucosa. It is 
true that a weaker anti-p4 and anti-cx3 laminin chain label­
ing with a decreasing intensity towards the base of form- 
ing glands was aiso detected, a situation différent ffom the 
adult, where these proteins are strictly restricted to surface 
épithélium (Virtanen et al. 1995). This variation may illus- 
trate the possible involvement of a6P4 integrin and lami- 
nin-5 in transduction events regulating the morphogenesis 
of épithélial glands (Stahl et al. 1997). Of interest, a rela- 
tively strong immunoreactivity for ail three proteins -  
laminin oc3 chain and tx3/p4 integrin subunits -  was asso- 
ciated with most épithélial cells at the level of the antrum. 
This peculiar finding correlates with histological data il- 
lustrating that human antral units aie in fact composed of 
an elongated foveolus and a short true glandular compart- 
ment containing the G (gastrin) cell population (Rohrer 
1971; Krause et al. 1977). Furthermore, a weak staining 
for oc7B subunit was observed at the level of surface and 
foveolus, which suggests a minor rôle for the a7Bpi het- 
erodimer in homeostasis of mucigenic cells. The av  inte­
grin subunit was detected in the same gastric compart­
ments as well as in undifferentiated épithélium. Its cellular 
localization, associated with cell-cell contacts rather than 
the basement membrane interface, is in accordance with 
its suggested rôle as a fibronectin receptor expressed in 
épithélial tissues (Cone et al. 1994) and its association 
with morphogenetic events (Breuss et al. 1995). No a5 
subunit was detected in gastric specimens although a posi­
tive reaction was found in fetal intestine.
From 12 weeks onwards, oxyntic units of the 
body/fundus région expressed the a2 chain of laminin-2 
and its relative abundance increased towards the base of 
glands and with advancing âge. The basai half of antral 
units was also positive (see Fig. 6). Most importantly, 
our results show that the a2pl integrin may assume a 
complex regulatory function, particularly regarding the 
différentiation of glandular ceùs. Firstly the a2 subunit 
was located at the basai pôle and at cell-cell boundaries 
of the surface and foveolar épithélium, two compart­
ments co-expressing the a3 integrin subunit and the lam­
inin o3 chain. At this level, it is possible that a hetero- 
typic association of cx2pl with a3|5l could play a rôle 
in intercellular junctioning, as proposed recently by 
Symington et al. (1993). Secondly, pariétal cells express­
ing the H+/K+ATPase pump were consistently négative 
for anti-oc2 integrin staining in newly-formed as well as 
in maturing glands. This pattem was particularly évident 
in the body/fundus région where the number of pariétal
cells per unit is much greater than at the level of the an­
trum. Whether this early and spécifie event is instructive 
or permissive for the différentiation of the pariétal cell 
lineage, which preceeds the appearance of neck and 
chief cells in human fetal glands (Salenius 1962), pro­
vides a new and promising due to understanding the reg­
ulatory mechanisms involved in their morphological spe- 
cialization and in the induction of spécifie genes such as 
the gastric H+/K+ATPase pump. Also, whether the a2(îl 
integrin could be involved in the process of glandular 
élongation remains to be elucidated using isolated gastric 
cells, as previously verified in tridimensional cultures of 
mammary épithélium (Berdichevsky et al. 1992; Keely 
et al. 1995a) or Madlin-Darby Canine Kidney (MDCK) 
cells (Schwimmer and Ojakian 1995) and in fetal lung 
(Wu and Santoro 1996). Finally we observed in older 
specimens that the oc2 integrin subunit became eventual- 
ly concentrated at the basai pôle of épithélial cells that 
simultaneously exhibit a strong immunoreactivity for 
laminin-2. This redistribution phenomenon could be ob­
served in antral units around 18-20 weeks and later, i.e. 
20-22 weeks, in fundic-type glands. Knowing that a 
strong laminin-2 labeling and translocation of a2(3l inte­
grin were associated earlier with épithélial différentiation 
and lactogenic sécrétion in cultures of mammary glandu­
lar cells (Berdichevsky et al. 1992; Keely et al. 1995b), 
we can propose that a similar relationship between this 
spécifie laminin and this integrin may apply to the différ­
entiation of glandular secretory épithélium in the human 
stomach. Moreover, since the expression of the a3 inte­
grin subunit was down-regulated in fundic-type glands 
and rather maintained in antral units, the coordinated ex­
pression of a2 and a3 subunits may be especially rele­
vant for the différentiation of human chief cells responsi- 
ble for the synthesis/secretion of digestive enzymes, i.e. 
pepsinogen-5 and gastric lipase (Ménard et al. 1995). In 
the light of the présent fïndings, an interesting avenue 
for studying the developmental régulation of digestive 
fonctions in the human stomach will be to examine the 
fate of fetal gastric épithélial cells maintained in primary 
culture (Basque et al. 1999) with purified biological ma­
trices and with agents altering the function of integrins.
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Epidermal Growth Factor and Transforming Growth Factor a  
Down-regulate Human Gastric Lipase Gene Expression
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Département d'Anatomie e t  de Biologie Cellulaire, Faculté de  Médecine, Université de Sherbrooke, Sherbrooke, Québec, Canada
Backëround & Aims: It was recently reported that hu­
man gastric lipase (HGL) activity is modulated by 
epidermal growth factor (EGF). The aims of this study 
were to establish the cellular locaiization of HGL, to 
assess the corrélation between HGL messenger RNA 
(mRNA) and protein levels, and to establish the molecu- 
lar mechanism of action of EGF and its homologue 
transforming growth factor a  (TGF-a) on HGL expres­
sion. Methods: Cellular locaiization of HGL was deter- 
mined by immunohistochemistiy using a polyclonal 
antibody. Enzymic déterminations, Western biotting, 
and Northern hybridization were used to analyze expres­
sion of HGL mRNA, protein, lipase activity, and the 
p42/p44ma'>k activation status. Resutts: HGL was local- 
ized in the secretory granules of gastric chief cells as 
earty as 13 weeks. A close parallelism was found 
between the variations of mRNA, protein, and enzymic 
activity. EGF and/or TGF-a down-regulated HGL mRNA 
levels and decreased enzymic activity. The rôle of the 
mitogen-activated protein kinase cascade in the régu­
lation of HGL expression was highlighted by the use of 
MAP kinase kinase-1/2 inhibitor PD98059, which 
blunted both the activation of p42/p44ma<* and the 
down-regulation of HGL mRNA induced by EGF and/or 
TGF-a. Conclusions: The expression of HGL is regulated 
at the mRNA level, and the down-regulatory action of 
EGF and/or TGF-a on HGL involves the stimulation of 
p42/p44mapk cascade.
Human gastric lipase (HGL) consists of a 379—amino acid polypeptide with an approximate molecular 
macc of 49,000 as determined by sodium dodecyl sulfate 
(SDS)-polyacrylamide gel electrophoresis (PAGE).1 Tis- 
sue distribution of HGL enzymic activity in the human 
adult stomach has been determined2,3 and correlated with 
the locaiization of pepsin activity.4 Moreover, the charac- 
teristics of HGL, such as optimum acid pH and its ability 
to fonction without bile salts or cofâctors, are advanta- 
geous in gastric lipolysis as opposed to pancreatic li­
pase.5,6 Adding to the significance of prepancreatic lipase 
fonction, it has been shown that free fatty acids and 
monoglycerides produced by gastric lipolysis facilitate 
the subséquent hydrolys is of triglycérides by pancreatic
lipase.7 Furthermore, the importance of gastric lipolysis 
increases in the context of périnatal physiology and 
pathological conditions (pancreatic insufficiencies) be- 
cause it assumes a greater contribution in the digestion of 
dietary triglycérides.5,8,9 Normal development and/or 
maintenance of gastric lipolytic activity is therefore 
essential for normal digestion of fat.
In the human fetal stomach, the morphogenesis of 
gastric glands begins at 11—12 weeks of gestation and is 
characterized by a high proliferative capacity of cells in 
the pit and neck région.10,11 We previously reported that 
HGL activity appears early, during the 10-13-week 
period, and its adult distribution in the various anatomie 
régions of the developing stomach is established by 16 
weeks of gestation.12 Moreover, the ability of the gastric 
mucosa to abundantly secrete lipase12 strongly suggested 
that it represents the main source of lipolytic activity 
found in gastric aspirâtes.8,13 Little is known, however, 
about the regulatory mechanisms underlying the develop­
ment and maintenance of HGL. Several hormones have 
been proposed to be involved in the fonctional develop­
ment of the rat gastric mucosa.14,15 Unfortunately, their 
potential implication in the regulatory mechanisms of 
the development and/or maintenance of the gastric 
lipolytic activity has not been characterized because this 
species, as opposed to human, lacks the gastric lipase 
enzyme.5 Epidermal growth factor (EGF) and transform­
ing growth factor a  (TGF-a) are 53— and 50-amino acid 
peptides that show structural homology and similar 
biological activities16-18 and share the same cell surface 
receptor, a 170-kilodalton transmembrane glycoprotein. 
EGF and TGF-a stimulate cell prolifération and induce 
différentiation in various Systems induding the gastroin­
testinal tract.19-22 Furthermore, messenger RNAs 
(mRNAs) for TGF-a, EGF, and their EGF cell surface
Abbreviations used in this papen EGF, epidermal growth factor; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HGL, human 
gastric lipase; MAPK, mitogen-activated protein kinase; PCR, polymer- 
ase chain reaction; SDS, sodium dodecyl sulfate; SSC, standard 
saline citrate; TGF-a, transforming growth factor et.
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receptor hâve been detected in gastric épithélium,23’24 
enterocytes,25,26 and colonie épithélium.27,28 In humans, 
TGF-a and EGF are expressed in fetal digestive organs as 
well, including the gastric mucosa.29-31 Altogether these 
data point to an important rôle for EGF and TGF-a in 
the developing and mature gut. Recently, we showed by 
quantitative autoradiography with 125I-EGF and indirect 
immunofluorescence the presence of EGF cell surface 
receptors on the basolateral membrane of ail épithélial 
cells of the fetal gastric mucosa (12-20 weeks of gesta­
tion).32 We reported that EGF not only stimulâtes DNA 
and glycoprotein synthesis at the épithélial level but also 
modulâtes gastric lipase activity in tissues maintained in 
organ culture.32 This was the first direct evidence that 
EGF specifîcally influences human gastric épithélial cells, 
supporting the suggested important rôle for EGF/TGF-a 
in the developing and/or mature human gastric mucosa. 
However, the primary control site of expression during in 
utero development or in the EGF-induced decrease of 
gastric lipase remains unidentifîed. Recent data provide 
evidence that p42/p44 mitogen-activated protein kinases 
(MAPKs) médiate the effects of EGF on gastric acid 
sécrétion33 and zymogen sécrétion in rat pancreatic 
acinar34 and guinea pig gastric chief cells,35 suggesting 
that these intracellular effectors may be involved. In our 
ongoing effort to characterize HGL and to identify its 
regulatory program, the aims of the présent investigation 
were as follows: (1) to pinpoint the cellular locaiization of 
immunoreactive HGL during ontogeny, (2) to produce 
complementary DNA (cDNA) to correlate the levels of 
HGL mRNA with those of HGL protein and enzymic 
activity, (3) to establish the regulatory site of EGF/ 
TGF-a on HGL gene expression, and (4) to détermine 
whether the response to growth factors occurs through an 
MAPK pathway.
Materials and Methods
Specimens
Tissues from 56 fetuses varying in âge from 13 to 20 
weeks of gestation (postfertilization fetal âges were estimated 
according to Streeter36) were obtained from normal elective 
pregnancy terminations. No tissue was collected from cases 
associated with known fetal abnormality or fêtai death. Studies 
were approved by the Institutional Human Subject Review 
Board. The stomach was immersed in culture medium, i.e., 
serum-free Leibovitz L-15 formulation (GIBCO BRL, Burling­
ton, Ontario, Canada) containing 40 pg/mL gentamycin (Novo- 
pharm, Toronto, Ontario, Canada) and 40 pg/mL nystatin 
(GIBCO BRL), brought to the culture room, and prepared 
within 30 minutes (room température).
Organ Culture
The cardiac and pyloric régions were removed, and 
gastric corpuses were split longitudinally along the greater and 
lesser curvatures, washed in culture medium, and eut into 
expiants ( 5X5 mm2). They were deposited in a Falcon organ 
culture dish (Falcon Plastics, Los Angeles, CA) and maintained 
in culture medium at 37°C in an environment of 5% C02/95% 
air and saturated water vapor as described previously.11,32 EGF 
and TGF-a (Collaborative Biomedicals, Bedford, MA) were 
added at a concentration of 100 ng/mL into the culture 
medium of gastric expiants after a 4-hour stabilizarion period, 
as performed routinely,32 or immediately after their explanta­
tion. The synthetic agent PD98059 (2-(2'-amino-3,-methoxy- 
phenyl)-oxanaphthalen-4-one; obtained from Calbiochem, La 
Jolla, CA), which specifîcally inhibits MAP kinase kinase-1/2 
(activators of p42/p44,m*pk)37,38 was added at the 20 pmol/L 
concentration in some experiments to assess the contribution of 
these effectors in growth factor—induced responses. In previous 
studies, half-maximal and maximal effects were observed at 2 
and 10-100 pmol/L, respectively.38
Indirect Immunofluorescence 
and Immunocytochemistry
In a first protocol, human fetal gastric tissues (fondus, 
corpus, and antrum) were rinsed with culture medium, embed- 
ded directly in OCT (Tissue Tek, Miles Laboratories, Elkhart, 
IN), and frozen in liquid nitrogen. Cryosections, 2—3-pm 
thick, were prepared with a Jung Frigocut 2800N cryostat 
(Leica Canada, Saint-Laurent, Québec, Canada), spread on glass 
slides, and then air-dried for 1 hour at room température before 
storage at — 80°C. Specimens were fixed in 1% formaldéhyde 
diluted in 100 mmol/L sodium phosphate buffer, pH 7.4, for 
45 minutes and incubated in 100 mmol/L glycine diluted in 
phosphate-buffered saline (PBS) for 1 hour at 4°C to quench 
remaining aldehyde residues. The sections were then incubated 
for 1 hour with a polydonal antibody directed against HGL39 
diluted 1:4000 in PBS containing 2% bovine sérum albumin. 
Fluorescein isochiocyanate—conjugated goat anti-rabbit immu- 
noglobulin G (Boehringer Mannheim Canada, Laval, Québec, 
Canada) was used as secondary antibody at a working dilution 
of 1:30 and was added for 45 minutes. Sections were then 
contrasted with 0.01% Evans blue in PBS. In a second 
protocol, gastric corpus expiants were fixed with 1% glutaral- 
dehyde and 2% paraformaldéhyde diluted in 0.1 mol/L 
phosphate buffet, pH 7.4, for 2 hours at room température, 
incubated with 0.15 mmol/L glycine-PBS, pH 7.2, for 45 
minutes at 4°C, dehydrated, and embedded in Lowicryl K4M 
according to Bendayan et al.40 One-micrometer sections were 
prepared with an LKB 8800 ultramicrotome (LKB, Stockholm, 
Sweden), deposited on glass slides, and dried at 37°C for 1 
hour. The concentration of anti-HGL was increased to 1:200 
and the incubation period to 90 minutes in this assay. In both 
methods, each step was preceded by two washings in PBS, and 
staining procédures were performed in a humidity chamber. 
Ail préparations were mounted in glycerol-PBS (9:1) contain-
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ing 0.1% paraphenylene diamine and viewed with a Reichert 
Polyvar 2 microscope (Leica Canada) equipped for epifluores- 
cence with 25X, 40X, and 100X objectives. la ail cases, no 
spécifie immunofluorescent staining was observed when pri- 
mary antibody was omitted or replaced by the appropriate 
nonimmune sérum.
For colloïdal gold immunocytochemistry, small specimens of 
four gastric corpuses were fixed in glutaraldehyde-paraformal- 
dehyde and embedded in Lowicryl as described above. Ten- 
nanometer gold partides were prepared according to Slot and 
Geuze.41 Coupling of the gold partides to protein A (Pharma­
cia, Uppsala, Sweden) was performed as recommended by 
Ghicescu and Bendayan.42 Thin sections were eut and mounted 
on 200-mesh gold grids with a carbon-coated formvar film. 
Sections were flartened for 15 minutes on a drop of 1% 
ovalbumin in PBS and then incubated with anti-HGL diluted 
1:200 in 1% bovine sérum albumin-PBS for 2.5 hours at room 
température. After rinsing with PBS, grids were transferred to 
ovalbumin-PBS for 15 minutes. Sections were then treated 
with protein A-gold complex for 25 minutes, washed again 
with PBS, rinsed in water, and stained with uranyl acetate and 
lead citrate. The following two Controls were used: incubation 
without the primary antibody and incubation with preimmune 
sérum.
Gel Electrophoresis and Immunoblotting
SDS-PAGE was performed according to Thomas and 
Komberg43 on 15% acrylamide gels. Total protein from whole 
gastric homogenates and from cultured gastric expiants (in 20 
mmol/L Tris-HQ, pH 6.8) was processed rapidly for solubiliza- 
tion in 2X sample buffer (125 mmol/L Tris-HQ, pH 6.8,4% 
SDS, 2% P-mercaptoethanol, 20% glycerol, and 0.08% bromo- 
phenol blue) at 90°C for 10 minutes. Total protein from culture 
media was concentrated —30-fbld to 50-fold by ultrafiltration 
using Centricon-10 concentrators (Amicon, Oakville, Ontario, 
Canada) and then mixed with 2X sample buffer. Proteins 
separated by SDS-PAGE (180-200 pg protein/well for gastric 
expiants and 80-100 pg protein/well for concentrated culture 
media assayed by the method ofLowry et al.44) were transferred 
onto Trans-blot nitrocellulose membranes (Bio-Rad Laborato­
ries, Mississauga, Ontario, Canada) according to Towbin et al.43 
Proteins and molecular weight markers ( 16-97 -kilodalton 
range; Bio-Rad Laboratories) were localized by staining with 
Ponceau red. Membranes were then processed with the Westem- 
Light Plus Chemiluminescent Détection System (Tropix, Inc., 
Bedford, MA). Briefly, membranes were blocked in PBS 
containing 0.2% highly purified casein (Tropix, Inc.) or 5% 
Blotto-PBS and incubated with primary antibodies diluted in 
the blocking solution or 1% Blotto-PBS (polyclonal antibody 
directed against HGL, 1:2000; polyclonal antibody directed 
against biphosphorylated MAPKs, 1:1000 [p42/p44; Biolabs, 
Mississauga, Ontario, Canada); monodonal anticytokeratin 
peptide 18 clone CY-90, 1:5000 {Sigma Chemical Co., St. 
Louis, MO}). After washing in PBS, membranes were incu­
bated with biotinylated goat anti-rabbit or anri-mouse itnmu- 
noglobulin G (1:20,000), further washed, and incubated with
alkaline phosphatase—conjugated stteptavidin (1:20,000) for 
HGL or with alkaline phosphatase-conjugated rabbit anti- 
mouse immunoglobulin G (1:1000) for MAPKs. Finally, 
immunoreactive proteins were shown with a solution of 
ultrapure CSPD (1,2-dioxetane chemiluminescent enzyme sub­
strate) containing Nitro-block (1:20) for HGL or enhanced 
chemiluminescence kit containing 100 mmol/L Tris-HCL,
0.005% coumaric acid, and 0.01% luminol for MAPKs. 
Autoradiograms exposed in a linear range were quantified by 
densitometric analysis with a Pharmacia LKB XL Ultroscan, 
and signais were normalized to those of the cytokeratin 18 
control.
RNA Extraction and cDNA Synthesis
Total gastric RNA was isolated from tissues aged 
15—20 weeks of gestation and from culcured gastric expiants 
using guanidium thiocyanate/phenol/chloroform extraction and 
isopropanol précipitations as described by Chomczynski and 
Sacchi.46 Sample of 1—2 pg total RNA from the stomach of a
17-week-old fétus was mixed with oligo(dT)i2_lg (Pharmacia) 
and the SuperScript RT RNase H- Reverse Transcriptase 
(GIBCO BRL) in the reverse-transcription réaction at 37°C for 
1 hour. The cDNA sample prepared was used directly for 
polymerase chain reaction (PCR) amplification as described 
below.
Amplification of HGL 
and Probe Préparation
PCR primers complementary to the reported cDNA 
sequence of HGL1 were designed and used to amplify a 
1311-base pair (bp) PCR product. Amplification of HGL used 
100 pmol of both the upstream sense primer LIPASE-1 
5 ' -CTGAGGAAACTGCAGGTCCA-3 ' and the downstream 
antisense primer LIPASE-2 5 '-AGAAGCACTGCATGT- 
CAAAC-3' in the presence of 2.5 U Taq polymerase (Perkin- 
Elmer/Cetus, Bedford, MA). The cDNA was subjected to 25 
cycles of dénaturation (1 minute at 94°Q, annealing (1 minute 
at 53°Q, and primer extension (1 minute at 72°Q in a DNA 
thermal cyder (mode! 480; Perkin-Elmer/Applied Biosys- 
tems). Amplification of the cDNA yielded a 1311-bp fragment 
that was ligated to pGEM-T (Promega, Madison, Wl), and 
JM109 compétent cells (Promega) were transformed. Then 350 
bp of the insert were sequenced in both directions in the 
pGEM-T vector with an AJLF. Automated DNA Sequencer 
(Pharmacia) using the dideoxy sequencing method of Sanger et 
al.47 (Centre de recherche Louis-Charles Simard, Institut du 
cancer de Montréal, Montréal, Québec, Canada) and shown to 
have 100% homology with the published sequence by Bodmer 
étal.1
The 1.3-kilobase (kb) HGL cDNA was 32P-labeled by 
random priming using the Megaprime DNA labeling System 
(Amersham, Oakville, Ontario, Canada). The HGL DNA 
probe was prepared after cDNA amplification by PCR of total 
RNA extracted from the stomach of a 17-week-old fetus as 
described above.
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Northern Hybridization Analysis
Total gastric RNA used in Northern blot analysis was 
isoiated as described earlier. Equivalent amounts of RNA (20 
pg) were used for electrophoresis through 1% agarose gels 
concaining 6%  formaldéhyde and blorted onto nylon mem­
branes (Hybond-N; Amersham). Equal RNA loading was 
confirmed by ethidium bromide staining and by hybridization 
to a rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
probe.48 Membranes hybridized with DNA probes were prehy- 
bridized for 1 hour at 68°C in hybridization solution (120 
mmol/L Tris-HQ [pH 7.4}, 600 mmol/L NaQ, 8 mmol/L 
EDTA, 0.1% sodium pyrophosphate, and 0.2% SDS) contain­
ing 0.1 mg/mL heparin (Sigma) and hybridized for 12 hours at 
68°C in hybridization solution containing 0.625 mg/mL 
heparin and 10% dextran sulfate. DNA-probed membranes 
were rinsed briefly and then washed for 20 minutes with 2X 
standard saline citrate (SSQ at room température, washed 
twice in 0 .1 X SSC plus 0.1 % SDS for 30 minutes at 68°C, and 
then rinsed in 0.1 X SSC. Finally, membranes were blotred dry 
and autoradiographed. Autoradiograms exposed in a linear 
range were quanrified by densitometric analysis with an LKB 
XL Ultroscan (Pharmacia), and signais were normalized to 
those of the GAPDH control.
Biochemical Détermination: Lipase Assay
Lipolytic activity was measured using a long-chain 
triglycéride substrate (tri f l - 14C}oleic acid; Amersham), and 
the émulsion was prepared as described previously.32 The assay 
System contained the following in a final volume o f200 pL: 1.2 
pmol labeled triglycéride; 10 pmol citrate-phosphate buffer, 
pH 6.0; 0.1 pmol bovine sérum albumin (fatty acid free; 
Sigma); 2 pmol/L Triton X-100; and 100 pL of tissue 
homogenate. Free [l4Q oleic acid produced after a 1-hour 
incubation was separated by liquid-liquid partition in chloro- 
form/methanol/heptane; precipitated with carbonate borate 
buffer, pH 10.5; and quantitated by liquid scintillation 
spectrometry. Activity was expressed as nanomoles of free fâtty 
acid produced per minute per gram of tissue.
Resu Its
Immunoblotting Controls
The specificity of che antibody was evaluated by 
Western blot analysis with total proteins from human 
fetal gastric homogenates (17—20 weeks old). In a 
représentative analysis of a 20-week specimen, the anti- 
HGL antibody detected a major 49-kilodalton band 
(Figure 1, lane 1) as expected for this enzyme,59 whereas 
the control nonimmune sérum was négative (Figure 1, 
lane 3). Furthermore, no immunoreactivity was observed 
with the purifred porcine pancreatic lipase (Figure 1, lane 
2). Western blot analysis of total proreins from human 
fetal stomach with this antiserum clearly confirmed the 
presence of immunoreactive HGL in this tissue.
1 2  3
Figure 1. Immunoblotting of HGL Human fetal gastric total proteins 
(lanes 1 and 3) and porcine pancreatic lipase (lane 2) were subjected 
to SDS-PAGE followed by immunoblotting using nitrocellulose mem­
brane. Rabbit antibody directed against HGL was found to react mainly 
with a  49-kilodalton band corresponding to HGL (lane 1) but not to 
porcine pancreatic lipase (lane 2). Control nonimmune rabbit sérum 
was négative (lane 3).
Immunolocalization of HGL
Ontogénie and tissue expression of HGL in gastric 
mucosa was further investigated by means of indirect 
immunofluorescence performed on cryosections, and com- 
parisons were established between the various anatomie 
régions of human fetal stomach (fondus, corpus, and 
antrum; Figure 2A -F ). During the 13-20-week gesta- 
tional period, immunostaining for HGL was detected 
consistently in the apical cytoplasm of épithélial cells 
localized in the forming glands (Figure 2A, B , D , and E) 
beneath the surface épithélium. During the same period, 
a decreasing gradient of HGL immunostaining was 
observed from the fondus to the antrum with a very low 
level (or absence) of lipase in the antrum (Figure 2C 
and F). Immunofluorescence was also performed on tissue 
sections embedded in Lowicryl to pinpoint the cellular 
distribution of the enzyme. In ail experiments, positive 
staining in épithélial cells was located in the lower 
glandular portion (Figure 2G) and was specifîcally associ­
ated with secretory granules in their apical cytoplasm. 
Finally, at the ultrascructural level, immunogold labeling 
was detected in the secretory granules of épithélial chief 
cells (Figure 2H). Anti-HGL labeling was found in the 
apical portion of the cells, and no labeling was observed 
in the nucléus, mitochondria, or rough endoplasmic 
reticulum. Pariétal and mucous cells were not labeled by 
anti-HGL. No labeling was observed in any of the control 
experiments performed with nonimmune sérum (data not 
shown).
Developmentai Expression of HGL
The expression of HGL in the developing gastric 
glands was further investigated at the mRNA and protein 
levels. First, PCR amplification of DNA complementary 
to the RNA extracted from human stomach (17 weeks of 
gestation) using HGL spécifie primers yielded the antici- 
pated 1311-bp HGL cDNA. Nudeotide sequence analy­
sis in EMBL/Genbank database verified that 700 bp of
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Figure 2 . Immunolocalization of HGL in the  (A and D) fundus, (Band E) corpus, and (Cand F) antrum régions of the stomach. Frozen sections of 
(A-Q 13-week-old and (D-F) 20-week-old tissues were stained by indirect immunofluorescence. Between 13  and 20 weeks of gestation, a 
decreasing gradient of the HGL staining was observed from the fundus to the antrum. (G) Indirect immunofluorescence on 1-pnvthick 
Lowicrykembedded gastric tissue from the corpus. Immunoreactive small granules were located in the apical cytoplasm of épithélial cells. (H) 
Immunoelectron micrograph of apical cytoplasm of a chief (left) and a pariétal (right) cell. HGL labeling was detected in the secretory granules of 
the chief cells (original magnification: A-G, 140X ; and H, 20 ,500x ).
the PCR product showed 100% homology to the known 
HGL sequence (identification no. A12714). Also, H/WIII 
and SxfXl digestions of the cloned fragment resuked in 
the expected 938- and 376-bp and 236- and 1078-bp 
fragments, respectively (data not shown), confirming that 
the spécifie cDNA fragment had been amplified. Second, 
the presence of HGL mRNAs was shown by Northern 
blot analysis of po!y(A)+ RNA purified from 20-week- 
old stomach using an HGL DNA probe prepared from
the 1.3-kb fragment obtained by cDNA amplification. 
Only one transcript of ~1.6 kb was detected (data not 
shown) as reported previously by Bodner et al.1 using the 
rat lingual lipase cDNA probe on human gastric tissues.
Northern and Western blot analyses were performed 
on total mRNA and protein extract ed from human 
gastric tissues at différent âges, and the relative HGL 
mRNA and protein amounts were assessed by laser 
densitometry compared with GAPDH and cytokerarin
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18 levels, respectively. As shown in Figure 3, both HGL 
mRNA and protein levels increased about threefold 
between 15 and 20 weeks of gestation. Their topographi- 
cal variations were then analyzed in the différent ana­
tomie régions of the stomach between 16 and 20 weeks of 
gestation and were quantified by densitometry (Figure 4). 
For both parameters, a decreasing expression gradient was 
noted from fundus to antrum, with a very low level of 
HGL in the latter compartment. Overall, the last results 
show a very good corrélation between HGL protein and 
mRNA expressions in vivo.
HGL Expression in Organ Culture
To further identify the mechanisms regulating 
HGL expression, gastric expiants were cultured in serum- 
free medium for 24 hours, and relative HGL mRNA and 
protein amounts were estimated by Northern and West­
ern blottings (Figure 5). In samples of uncultured (T0) 
and cultured tissues (Tc), no signifîcant variations of 
mRNA levels were noted, whereas a 195% increase of 
total HGL protein levels (protein in tissue +  medium) 
was observed. In addition, Western blot analyses showed 
that a large proportion (73%) of total HGL présent at 24 
hours was secreted and accumulated into the culture 
medium. Northern blotting was subsequently performed 
on specimens collected at selected intervais during the
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Figure 3 . Developmental expression of HGL Densitometric analysis 
of Western and Northern blotting experiments of lipase (HGL) in 
gastric tissues of 15 and 20  weeks' gestation. Total proteins were 
separated by SDS-PAGE (12%), electrotransferred onto nitrocellulose 
membranes, and probed with the anti-HGL and cytokeratin 18 CY-90 
monoclonal antibodies. Total RNA (20 pg/lane) was denatured and 
submitted to  electrophoresis oh a 1% agarose gel containing 2.2 
mol/L formaldéhyde, then transferred to  a  nitrocellulose filter and 
hybridized with the random-primed HGL and GAPDH cDNA probes. 
Lipase protein (□) and mRNA (■) levels are expressed in arbitrary 
units (AU) a s  the values of densitometric scans of autoradiographs 
normalized to  the cytokeratin 18 and GAPDH signais, respectively. 
Values represent the means ±  SEM of 5  (protein) and 3  (mRNA) 
separate and independent specimens of each âge. respectively. 
Statistically signifîcant différences between 20 weeks of gestation 
compared with 15 weeks: * P <  0.005: * * P <  0.01.
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Figure 4 . Expression of HGL in the différent anatomie régions of the 
stomach. Représentative Western and Northern blotting experiments 
of lipase (HGL) in the fundus (F), corpus (C), and antrum (A). Total 
proteins and RNAs were prepared a s  described in Figure 3. Densitomet­
ric analysis shows the relative levels of lipase protein (□ , 49 
kilodaltons) and mRNA (■ , 1.6 kb) expressed in arbitrary units (AU) as 
the values of densitometric scans of autoradiographs normalized to 
the cytokeratin 18 and GAPDH signais, respectively. Values represent 
the means ±  SEM of 4  separate and independent specimens.
first day of incubation to establish the early pattem of 
mRNA synthesis. As shown in Figure 6, HGL mRNA 
levels increased rapidly during the initial 4 hours of 
culture (shaded box), which in fret correspond to the 
stabilization period allowed in our routine culture experi­
ments before exogenous factors are added. At this time, 
the amount of transcripts had already reached its plateau 
phase (a 100% stimulation vs. uncultured tissue) and 
began to decrease gradually at 8 hours to finally retum to 
the starting level at 24 hours. This relative increase of 
HGL mRNA signais during the first hours of culture 
parallels the increase in total protein after 1 day, indicat- 
ing that lipase expression is regulated at the mRNA level.
Effect of EGF and TGF-a on Upase 
Expression and Activity
Previous results from our laboratory have shown 
that EGF reduces the activity of HGL in the current 
organ culture System without affecting pepsin activity.32 
Because HGL mRNA levels are maximal during or 
shortly after the 4-hour stabilization period (Figure 6), 
we estimated relative mRNA levels in gastric expiants 
cultured for 8 hours with or without 100 ng/mL EGF 
applied immediately after tissue explantation (no stabili­
zation period). As shown in Figure 7, the transient 
doubling of HGL mRNA levels observed in control 
tissues after this time interval was entirely eliminated by 
EGF, and this effect was reproduced by TGF-a. Further-
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Figure 5. Expression of HGL in organ culture. Représentative Western 
and Northern blot experiments of lipase (HGL) in gastric expiants at 
the beginning of culture (T0), after 24 hours of culture (Te), and in the 
culture medium (Me, proteins only). Total proteins from gastric tissues 
and concentrated media a s  well a s  total RNAs were prepared as 
described in Figure 3. Densitometric analysis shows the relative levels 
of lipase protein (□, 49 kilodattons) and mRNA (■ , 1.6 kb) expressed 
in arbitrary units (AU) a s  the values of densitometric scans of 
autoradiographs normalized to the cytokeratin 18 and GAPDH signais, 
respectively (for Western blotting, values are reported per milligram of 
tissue). Values represent the means ±  SEM of 3  separate and 
independent cultures.
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Figure 7. Effect of EGF and TGFa on the expression of HGL 
Densitometric analysis of Northern blots of lipase (HGL) in gastric 
expiants a t the beginning of culture (T0) and after 8  hours of culture 
without suppléments (C) or with growth factors (EGF and TGFa; 100 
ng/mL) added immédiately after expiantation. Total RNA (20 pg/lane) 
was prepared a s  described in Figure 3, and the relative levels of lipase 
mRNA are expressed in arbitrary units (AU) a s  the values of densitomet­
ric scans of autoradiographs normalized to  the GAPDH signais. Values 
represent the means -  SEM of 3  separate and independent cultures. 
Statistically signifîcant différences between EGF and TGFa compared 
with C:*P< 0.025.
more, the addition of EGF immediately after explanta­
tion modulated the spécifie HGL activity after 24 hours 
(Figure 8). As expected, total activity (tissue +  medium) 
was increased by approximately 100% in control condi­
tions, correlating to total protein levels (Figure 5). In the 
presence of EGF, HGL activity was significantiy reduced 
in tissue (40%; P <  0.03) but was not the least affected in 
the medium, indicating that it régulâtes de novo synthe- 
sis of HGL, not its sécrétion kinetics.
= 14000
Figure 6 . Timecourse expression of HGL in organ culture. Densitomet­
ric analysis of Northern blots of lipase (HGL) a t différent tim es of 
culture {shaded box represents the stabilization period). Total RNA (20 
Mg/lane) was prepared as  described in Figure 3, and the relative levels 
of lipase mRNA are expressed in arbitrary units (AU) a s  the values of 
densitometric scans of autoradiographs normalized to  the GAPDH 
signais. Values represent the means ±  SEM of 3  separate and 
independent cultures. Statistically significant différences between 0 
and 4 hours of culture compared with - 4  hours: *P <  0.05; <
0.007.
12000
Figure 8 . Effect of EGF on lipase activity. Lipase activities in gastric 
expiants (■) and culture media P )  a t the beginning of culture (T0) and 
after 24 hours of culture in unsupplemented (C) and EGFsupple- 
mented (100 ng/mL) medium (EGF). Values represent the means ±  
SEM of 4  separate and independent cultures. Statistically significant 
différence between EGF compared with C: * P <  0.035.
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MAPK Activity and Régulation
The presence and functionality of p42 and p44 
MAPKs sensitive to extracellular signais (ERK family of 
MAPKs) were verified using an antibody recognizing 
their biphosphorylated active forms. To détermine whether 
activation of p42/p44mapk is necessary for the EGF- 
mediated down-regulation of HGL, we used a spécifie 
inhibitor of MKK-1/2 (upstream activators of p42/ 
p44œapk), PD98059-37,58 Figure 9 shows the relative 
amounts of the biphosphorylated active forms in uncul­
tured (To) and cultured fetal gastric tissue after 8 and 24 
hours. Both active p42 and p44 kinases were detected and 
remained constant during the first 8 hours of culture. By 
24 hours, however, their levels had decreased signifi- 
cantly. Figure 10 shows that exogenous EGF and TGF-a 
(100 ng/mL) up-regulated active p42/p44 levels to a 
similar extent after an 8-hour incubation, whereas 
PD98059 (20 pmol/L) reduced both signais. When added 
in combination, growth factors and PD98059 had coun- 
teracting effects on MAPK activity with immunoblot 
signais similar to Controls (EGF/PD and TGF-a/PD lanes 
in Figure 10). The impact of these MAPK activity 
variations on HGL mRNA levels was verified in another 
set of Northern assays (Figure 11). EGF/TGF-a and 
PD98059 significantly reduced HGL mRNA signais 
compared with 8-hour Controls. However, the combina­
tion of both almost abolished their individual effects on 
HGL mRNA levels.
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Figure 9. Variations of MAPK activity in organ culture. Représentative 
Western blot of the biphosphorylated and active forms of p42 and p44 
MAPKs in gastric expiants a t the beginning of culture (To) and after 8  
and 24  hours of culture. Total proteins were prepared as  described in 
Figure 3, and densitometric analysis shows the relative levels of active 
MAPKs (42 and 44  kilodattons) expressed in arbitrary units (AU) a s  
the values of densitometric scans of autoradiographs normalized to  
the cytokeratin 18 signais. Values represent the means ±  SEM of 3  
independent experiments.
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Figure 10. Effects of EGF, TGFa, and PD98059 on MAPK activity. 
Représentative Western blot of the biphosphorylated and active forms 
of p42 and p44 MAPKs in gastric expiants after 8  hours of culture 
without suppléments (C), with growth factors (EGF and TGFa; 100 
ng/mL), with PD98059 (PD 20  pmol/L), or with their combinations 
(EGF/PD and TGFa/PD). Total proteins were prepared a s  described in 
Figure 3, and densitometric analysis shows the relative levels of active 
MAPKs (42 and 44 kilodattons) expressed in arbitrary units (AU) as  
the values of densitometric scans of autoradiographs normalized to 
the cytokeratin 18 signais. Values represent the m eans ±  SEM of 4 
independent experiments.
Discussion
Fat digestion is now recogni2ed as an important 
function of the human stomach, a rôle that is assumed by 
gastric lipase (HGL). In adult fundic mucosa, this enzyme 
was found to be colocalized with pepsinogen in chief 
cells,39 as opposed to some nonhuman species (dog, car, 
and rabbit) that show a gastric lipase not associated or not 
restricted to chief cells.5 However, the cellular localiza- 
tion of HGL in the fetal organ and the regulatory 
mechanisms underlying the developmental program and 
maintenance of its expression are still unidentified. In the 
présent study, we first analyzed the cellular and subcellu- 
lar locaiization of HGL in developing gastric mucosa 
using a spécifie antibody recognizing one major band of 
49 kilodaltons.39 Using indirect immunofluorescence, we 
showed that HGL was présent as early as 13 weeks of 
gestation in the glandular épithélial cells of forming 
gastric glands with a decreasing gradient of expression 
from fundus to antrum (fundus >  corpus > > >  antrum). 
No major variation in the staining pattem was observed 
while gastric glands conrinued to develop up to 20 weeks, 
and spécifie immunoreactivity was precisely localized in 
the secretory granules of a subpopulation of épithélial 
cells. Such a topographical locaiization suggests that the 
adult distribution of the enzyme in the various anatomie 
régions of the stomach is established in sevetal weeks 
compared with wfaat was previously assumed from the
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Figure 11_ Comparative effects of EGF and P098059 on HGL mRNA. 
Densitometric analysis of Northern blots of lipase (HGL) in gastric 
expiants after 8  hours of culture without suppléments (C), with EGF 
(100 ng/mL), with PD98059 (PD, 20 pmol/L), or with their combina­
tion (EGF/PD). Total RNA (20 pg/lane) was prepared a s  described in 
Figure 3, and the relative levels of lipase mRNA (1.6 kb) are expressed 
in arbitrary units (AU) as  the values of densitometric scans of 
autoradiographs normalized to the GAPDH signais. Values represent 
the m eans ±  SEM of 5  separate and independent cultures. Statisti­
cally significant différences between EGF (* P <  0.025) and PD (**P <  
0.01) compared with C are indicated. PD was also sign'rficantiy 
différent ffom EGF (P <  0.007).
variations of HGL activity during ontogeny.12 Ultrastruc- 
tural analyses using immunogold labeling showed that 
HGL was found exclusively in the secretory granules of 
chief cells along the forming glands, whereas mucus and 
pariétal cells were not stained. This cellular locaiization 
stronglv corroborâtes that previously observed in chief 
cells of the human adult fundus39 and confions its unique 
cellular locaiization as opposed to animais.
To ascertain the in vivo pattem of HGL expression, we 
analyzed the expression of immunoreactive protein and 
mRNA in developing gastric mucosa. By Western blot­
ting, we observed a graduai increase of the relative 
protein levels over the studied period (15-20 weeks), 
which paralleled the relative abundance of HGL mRNA 
levels noted by Northern analysis. These results are 
consistent with the reported continuous increase of lipase 
enzymic activity during the same period.12 We also 
determined the variations of HGL expression in the 
various anatomie régions of the stomach, and we observed 
a decreasing gradient of both protein and mRNA signais 
from fundus to antrum in accordance with the decreasing 
gradient of HGL activity.12 Incidentally, in adult gastric 
mucosa, the same anatomie distribution of HGL activity
has been observed.2,3 Altogether, the corrélation observed 
between enzymic activity, protein, and mRNA levels 
strongly suggests that the expression of HGL is primarily 
regulated at the mRNA level.
The régulation of HGL expression was further studied 
in gastric tissues maintained in organ culture. This 
serum-free culture technique that enables morphological 
and physiological maintenance of human fetal stomach in 
vitro11 offers the unique opportunity to address spécifie 
issues related to the regulatory program of gastric 
physiology. Indeed, cultured gastric tissues not only 
continue to synthesize DNA, proteins, and glycopro- 
teins11 but also synthesize and secrete lipase and pepsino- 
gen.12 The increase in relative amounts of lipase protein 
measured after 24 hours was in agreement with the total 
lipase activity12 but did not correlate with the variation 
in tissue mRNA levels after the same period (Figure 5). 
This deviared pattem was first puzzling with regard to 
the parallelism observed during development in utero. 
We therefbre analyzed the relative levels of HGL mRNA 
at shorter intervais of culture and noted that they doubled 
rapidly during the first 8 hours and then gradually 
decreased to reach starting levels at 24 hours. These 
observations indicate that explantation and culturing of 
human fetal gastric tissue induce per se a doubling of 
HGL mRNA during the initiation of the culture, which 
is followed by a strong élévation of HGL protein, clearly 
showing that HGL expression is yet regulated at the 
mRNA level in vitro. It is tempting to postulate that 
such a rapid increase reflects the loss in organ culture of a 
négative regularor of HGL gene transcription normally 
operaring in vivo. Similar observations have been re­
ported for the expression of lactase mRNA in cultured 
human fêtai jejunal expiants.49
The effect of exogenous EGF, a factor known to 
modulate lipase enzymic activity in cultured gastric 
expiants32 as well as brush border hydrolytic activities of 
human intestinal cells,50,51 was then verified and com­
pared with the effect of homologous TGF-a. By North­
ern blotting, a drastic and similar réduction of mRNA 
levels was noted in the presence of growth factors. This 
variation paralleled a significant decrease (40%) of tissue 
lipase activity induced by EGF after 24 hours that 
contrasts with our previous observation that EGF influ­
ences lipase activity only between the second and fifth 
day of culture.32 This apparent discrepancy is related to 
the fret that EGF was added after a 4-hour stabilization 
period in standard protocols, at a time when the HGL 
mRNA level was maximally stimulated (see Figure 6). 
Indeed, we show that EGF abolishes this increase in HGL 
transcripts when it is added immediately after explanta­
tion. The last results therefore indicate that HGL expres­
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sion is down-regulated at the mRNA level by EGF/ 
TGF-a. In the broader context of gastric enzyme régula­
tion, it should be reminded that the above reported 
effects are spécifie to HGL because EGF does not 
modulate pepsin activity in the same model.32 Our data 
additionally show that EGF does not influence the 
sécrétion of HGL; a large fraction of enzymic activity 
measured in the culture medium actually represents the 
amount of HGL présent in the secretory granules of chief 
cells at the beginning of the culture and spontaneously 
released ffom the expiants.
Using the PD98059 inhibitor and an antibody recog­
nizing active forms of p42/p44nuplc, we provide the 
following evidence that these effectors médiate at least 
some of the regulatory effects of the growth factors. First, 
a certain level of MAPK activity appears to be required 
for maintenance or increase of HGL mRNA levels 
because concomitant réductions of MAPK and mRNA 
signais are observed after 24 hours of culture. The strong 
inhibition of MAPK activity induced by PD98059 
producing a marked decrease of mRNA levels corrobo­
râtes this view. Second, it was established that EGF/ 
TGF-a induced a significant stimulation of MAPK 
activity that resulted in a decrease of HGL mRNA, HGL 
protein, and HGL enzymic activity. Third, when varia­
tions of MAPK activities are prevented by the simulta- 
neous presence of EGF, TGF-a, and PD98059, the 
inhibitor almost éliminâtes the effects of the growth 
factors on HGL mRNAs. These data suggest that either 
long-term activation or long-term inhibition of the 
MAPK cascade can reduce HGL levels. Interestingly, the 
EGF inhibition of acid sécrétion in gastric pariétal cells 
also correlates with a short-term activation of p42/p44 
kinases.33 Also, several publications have documented 
that short-term phasic MAPK activation is required to 
enter S-phase, whereas a sustained and long-term activa­
tion of p42/p44mapk induces expression of the cell cycle 
inhibitor p21dp and inhibits Gl/S-phase transition.52,53 
Overall these results suggest that stimulation or inhibi­
tion of p42/p44n’apk over or under a crirical threshold of 
activity negatively régulâtes molecular processes that 
normally require MAPK activity. Although the présent 
investigation strongly suggests that EGF and TGF-a 
exert their regulatory action on HGL expression through 
the stimulation of p42/p44nMplc activation, we cannot 
exdude a possible addirional mechanism of régulation. 
Recently, EGF was shown to stimulate différent signaling 
pathways in gastric cells, induding the phosphatidylino- 
sitol pathway fieading to activation of protein kinase C 
and an increase in cytosolic caldum) and the JAK/Stat 
signaling pathway.54 Current investigations are under 
way to further our understanding of the implication of
these pathways in the cascade of molecular events mediat-
ing the regulatory action of EGF/TGF-a on HGL
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ABSTRACT
The human gastric glandular épithélium produces a gastric lipase enzyme (HGL) which plays an 
important rôle in digestion of dietary triglycérides. In order to assess the involvement of 
extracellular matrix components and transforming growth factor-Pl (TGFpi) in the régulation of 
this enzymic function, normal gastric épithélial cells were cultured on collagen-I, Matrigel and 
laminins-1,-2 (LNs) with or without TGFpi. Epithelial morphology as well as HGL expression 
were evaluated using microscopy techniques, enzymic assays, Western blot, Northern 
hybridization and RT-PCR. A corrélation was observed between the cell polarity status and the 
level of HGL expression. TGFpl alone or individual matrix components stimulated cell 
spreading and caused a downfall of HGL activity and mRNA. By contrast, Matrigel preserved 
the morphological features of differentiated épithélial cells and maintained HGL expression. The 
combination of LNs with TGFpl (two constituents of Matrigel) exerted similar bénéficiai effects 
on épithélial cell polarity and evoked a ten-fold increase of HGL levels that was blunted by a 
neutralizing antibody against the a2-integrin subunit and by MAPK inhibitors PD98059 
(p42/p44) or SB203580 (p38). This investigation demonstrates for the first time that a powerful 
synergism between a growth factor and basement membrane LNs positively influences cell 
polarity and functionality of the human gastric glandular épithélium through an activation of the 
a2pi integrin and effectors of two MAPK pathways.
Keywords: hiunan stomach; gastric lipase; extracellular matrix; integrin; mitogen-activated 
protein kinase.
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INTRODUCTION
REGULATION AND MAINTENANCE of épithélial différentiation at the level of the gut 
mucosa is govemed by extracellular signais présent in the cell microenvironment. These are not 
only represented by growth factors, but also by cell-to-cell interactions and their underlying 
extracellular matrix (ECM)(9, 32, 35). For épithélial cells, part of the ECM occurs in the form of 
a basement membrane which provides positional information and eues for cell polarity as well as 
signais that regulate cell behavior. Laminins (LNs) are among the major constituents of basement 
membranes, either native or reconstituted (Matrigel)(43), and they promote cellular adhésion, 
migration, prolifération and expression of tissue-specific genes in differentiating épithélial cells 
and other tissues (13, 20, 33, 49). Furthermore a number of growth factors including 
transforming growth factor-(5l (TGF-pl) are associated with basement membranes (50). The 
latter peptide régulâtes cell-matrix interactions (40) which implies that TGF|3l may function as a 
regulator of épithélial morphogenesis and expression of tissue-specific proteins (21, 25, 39). In 
the context of gastric épithélial physiology however, the combinatory effects of ECM 
components and TGFpi have never been specifîcally studied.
An original and important aspect of digestive functions attributed to the human gastric 
glandular épithélium pertains to hydrolysis of fat which is assumed by a lipase enzyme produced 
by zymogenic chief cells (14, 30). We have shown that human gastric lipase (HGL) is expressed 
early during ontogeny (before midgestation)(31) and is uniquely co-localized with fundic-type 
pepsinogen (Pg5) in fetal chief cells (6). Our studies also revealed différent regulatory pattems 
for HGL and Pg5 during in utero development and in culture experiments. Therefore it appears 
essential to clearly understand the molecular mechanisms controlling the acquisition and
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maintenance of chief cell functions when one considère the physiological importance of gastric 
lipolysis and the fact that its rôle increases in the context of périnatal physiology (23) and 
pathological conditions (1) associated with pancreatic immaturity or insufficiency. For this 
purpose, adéquate cellular models must be made available and a promising tool for identifying 
the spécifie regulatore of gastric digestive functions and their underlying mechanisms of action is 
a novel primary culture model représentative of the normal human gastric épithélium (5). These 
cultures form coherent monolayere in the absence of a biological matrix, mesenchymal 
constituents and hormones. They contain ail épithélial cell types, including functional glandular 
chief cells which retain their ability to produce digestive enzymes. Under such minimal 
conditions however, the épithélial phenotype is altered and the expression of HGL is 
spontaneously down-regulated (5). Our new model thus appears unique to détermine the 
appropriate extracellular environment necessary for such complex regulatory events as the 
maintenance of épithélial cell polarity and the induction of gastric zymogen expression.
On a functional basis, growth and différentiation of gut épithélial cells likely dépend upon 
their interaction with ECM components using cell-surface receptors o f the integrin family (9, 
10). The cc2f)l integrin, which is unique among these receptors for having a dual specifïcity for 
collagen and LNs, has been shown to play a key rôle in mammary épithélial morphogenesis in 
vitro (12, 27). We recently analyzed the distribution of ECM proteins and receptors in 
developing human stomach (16,46) and provided evidence for the potential involvement of LN- 
1 (or the closely related LN-10), LN-2 and <x2|3l integrin in épithélial glandular différentiation. 
In the current investigation, we demonstrate that collagen-I and Matrigel respectively exert 
négative and positive effects on cell polarity and HGL expression in primary cultures of gastric 
épithélium. In fact, the maintenance of épithélial morphology and fimctionality of cultured cells
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is mediated by a powerful synergism between LNs and TGFpl that involves signaling through 
the a2pi integrin and activation of both p42/p44 and p38 MAPK pathways.
MATERIALS AND METHODS
Specimens. Tissues from 47 fetuses varying in âge from 17 to 20 weeks of gestation 
postfertilization were obtained from normal elective pregnancy terminations (41). No tissues 
were collected from cases associated with known fetal abnormality or fetal death. Studies were 
approved by the Institutionai Human Subject Review Board. The stomach was brought to the 
culture room, immersed in dissection medium i.e. Leibovitz L-15 (Gibco BRL/Life 
Technologies, Burlington, Ontario, Canada) plus gentamycin and nystatin (40 |ig/ml each), and 
prepared within 30 min at room température.
Primary culture. Cardia and pyloric antrum were excised from the stomach leaving the body 
and fundus régions. Tissues were then eut into expiants (3x3mm2) and rinsed with dissection 
medium. The gastric épithélium was isolated as described previously (5) using a non enzymatic 
procédure originally designed for primary cultures of intestinal épithélium (34). Expiants were 
immersed in Matrisperse (Collaborative Biomedicals/Becton Dickinson Labware, Bedford, MA) 
for 16-20 h at 4°C and gently agitated during the last hour, allowing dissociation of the 
épithélium as intact sheets or large aggregates. After centrifugation (100g, 7 min), the pellet was 
resuspended in culture medium, a 1:1 mixture of Dulbecco’s modified essential medium 
(DMEM) and Ham F-12 (Gibco) supplemented with penicillin/streptomycin and 10% fetal 
bovine sérum (v:v, Cellect Gold FBS from ICN Pharmaceuticals, Montréal, Québec, Canada). 
This material was fragmented mechanically into small aggregates and seeded at high density in 
6-well (5 x 104 cells in 2.5 mL) or 24-well plates (1.5 x 104 cells in 1 mL) pre-coated with
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différent biological matrices: type-I collagen (Collaborative Biomedicals; 20 pg/mL), purified 
Laminin-1 (LN-1) (Gibco, 10 pg/mL), purified Laminin-2 (LN-2)(or Merosin from Gibco, 10 
pg/mL), LN-l/LN-2 mixture (1:1, 10 pg/mL) and Matrigel (Collaborative Biomedicals; 3.4 
mg/mL). The effect of transforming growth factor-betal (TGFpl; obtained from R&D Systems, 
Minneapolis, MN) was tested at the 5 ng/ml concentration (in the presence of 0.1%BSA), either 
without matrix coating or with LNs. The synthetic agents PD98059 [2’-ammo-3’- 
methoxyflavone] and SB203580 [4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4- 
pyridyl)lH-imidazole] (from Calbiochem, LaJolla, CA) which respectively inhibit MKK-1/2 
(activators of p42/p44MAPK)(19) and p38a and p isoforms (28) were added at the 20 pM 
concentration in some primaiy cultures to assess the contribution of these effectors in the 
regulatory process. In ail cases, cell préparations were left undisturbed for 6 h to allow 
attachment. Culture medium was discarded and renewed every 48 h. In other experiments, 
neutralizing antibodies directed against oc2 and <x3 integrin subunits (clones P1E6 and P1B5 
from Gibco, respectively) were added after initial attachment (6 h) at the 10 pg/mL 
concentration.
Microscopy and immunocytochemistry. The épithélial morphology of primary cultures was 
examined after selected time intervais using bright-field and phase-contrast microscopy. For 
indirect immunofluorescence, épithélial préparations were seeded on glass coverslips pre-coated 
with matrices and antibody staining was performed as described in our reference study (5). 
Briefly, specimens were fixed 12 min in 3% formaldéhyde or 5 min in acetone:chloroform (1:1) 
at 4 C, then permeabilized with 0.1% Triton X-100 for 3 min and incubated with the following 
primary antibodies directed against: a2-integrin subunit (clone P1E6; 1:400), E-cadherin 
(Transduction Laboratories, Lexington, CT; 1:800) and HGL (kindly given by Drs A. DeCaro, F.
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Carrière and R. Verger, CNRS Marseille, France; 1:4000). Fluorescein isothiocyanate- 
conjugated goat anti-mouse or goat anti-rabbit immunoglobulin G (Boehringer Mannheim, 
Laval, Québec, Canada) were used as secondary antibodies (1:30 and 1:40 respectively) and 
added for 45 min. Specimens mounted in glycerohPBS (9:1) were observed with a Reichert 
Polyvar 2 microscope (Leica Canada, St-Laurent, Québec, Canada) equipped for 
epifluorescence. Ail appropriate Controls where the primary antibody was omitted were 
performed and shown négative, as examplified in Figure 7. For ultrastructural studies, specimens 
were pre-fïxed 15 min at room temperarure in an equal volume of culture medium and fresh 
2.8% glutaraldehyde diluted in 0.2M cacodylate buffer containing 7.5% ultra-pure sucrose, fixed 
30 min in 2.8% glutaraldehyde-7.5% sucrose diluted in 0.1M cacodylate and post-fixed in 2% 
osmium tetroxyde diluted in 0.1M cacodylate for 1 h. They were dehydrated and covered by a 3- 
mm layer of epon 812 resin. After polymerization (48h at 60°C), the plastic substratum was 
detached and specimens were inverted and re-embedded. Thin sections were visualized on a 
JEM-100CX electron microscope (JEOL, Peabody, MA).
Gel electrophoresis and immunoblotting. Total protein samples were lyzed in 2X buffer 
containing 2%p-mercaptoethanol in 20 mmol Tris-HCl pH 6.8. As standardized earlier for 
gastric primary cultures (5), 60-80 pg aliquots were resolved by SDS-PAGE on 12% acrylamide 
gels, transferred onto nitrocellulose membranes and processed using a Westem-Light Plus 
Chemiluminescent Détection System (Tropix, Bedford, MA). After initial quenching in Blocking 
buffer (1% Blotto-PBS), spécifie primary antibodies were added: anti-E-cadherin (1:1000), anti- 
oc2-integrin subunit (1:400) and anti-cytokeratin-18 (clone CY-90 from Sigma-Aldrich, Oakville, 
Ontario, Canada; 1:5000). After washing in PBS, membranes were incubated with biotinylated 
goat anti-rabbit or anti-mouse immunoglobulin G (1:10000) and with alkaline phosphatase-
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conjugated streptavidin (1:20000). Finally, immunoreactive proteins were revealed with a 
solution of ultrapure CSPD (Tropix) containing Nitro-Block (1:20). Autoradiographs were 
exposed in a linear range using a LKB XL Ultroscan (Pharmacia, Baie d’Urfé, Québec, Canada).
Northern hybridization and RT-PCR. Total RNA was isolated from primary cultures using 
TriPure reagent (Boehringer Mannheim) and processed as formely described (5, 45). For 
Northern blot analysis, équivalent amounts of RNA (20 jig) were separated by electrophoresis 
through 1% agarose gels containing 6% formaldéhyde and blotted onto nylon membranes 
(Hybond-N from Amersham, Oakville, Ontario, Canada). Equal loading was confirmed by 
ethidium bromide staining. Membranes were hybridized with cDNA probes spécifie for HGL 
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (5, 45), blotted dry and 
autoradiographed.
The reverse transcription (RT) reaction was carried out at 37°C using Ready-To-Go First- 
Strand Beads (Amersham) to which was added 1 |ig of total RNA mixed with oligo(dT)i2-i8 and 
SuperScript RT RNase H' Reverse Transcriptase. The cDNA samples prepared were directly 
used for polymerase chain reaction (PCR) amplification. PCR primers complementary to the 
reported cDNA sequences of HGL and GAPDH were used: lOOpmol of both upstream sense 
primers LIPASE-1 5’-CTGAGGAAACTGCAGGTCCA-3 and GAPDH-1 5-CCACCCATGGC 
AAATTCCATGGCA-3 as well as 100 pmol of downstream antisense primers LEPASE-2 5 - 
AGAAGCACTGCAATGT-3’ and GAPDH-2 5’-TCTAGACGGCAGGTCAGGTCCACC-3’ ail 
in the presence of 2.5U of Taq polymerase (Roche Molecular Biochemicals, Laval, Québec, 
Canada). The cDNA was subjected to 25 cycles of dénaturation (1 min at 94°C), annealing (1 
min at 52-63°C), and primer extension (1 min at 72°C) in a DNA Thermal Cycler (model 480
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from Perkin Elmer Applied Biosystems, Mississauga, Ontario, Canada). Amplification yielded a 
1311-base pair (bp) fragment for HGL and a 612-bp fragment for GAPDH.
Enzymic assays: Lipase and Pepsin. Lipolytic activity was measured using a long-chain 
triglycéride substrate (tri[l-,4C] oleic acid; Amersham) and fatty acid free-bovine sérum albumin 
(BSA, A-6003 from Sigma-Aldrich) as carrier of released fatty acids, and the émulsion was 
prepared by sonication as described previously (31). The assay system contained the following 
reagents in a final volume of 200|il: 1.2|imol labeled triglycéride; lOpmol citrate-phosphate 
buffer pH 6.0; O.lpmol BSA; 2|xmol Triton X-I00; and lOOp.1 cell homogenate. Free [14C]oleic 
acid produced after a 1 h incubation was separated by liquid-liquid partition in chloroform: 
methanolrheptane (1.41: 1.25: 1); precipitated with 0.1M carbonate-borate buffer pH 10.5; and 
quantitated by liquid scintillation spectrometry (11). Spécifie lipase activity was expressed as 
nmol of free fatty acid released per min per mg of protein (nmol/min/mg prot). Pepsin activity 
resulting from the activation of pepsinogen at acid pH was measured in lOOp.1 of cell 
homogenate by adding 1 ml of 2% (w:v) dialysed hemoglobin (Sigma-Aldrich) diluted in 0.1M 
glycine-HCl buffer pH 3.0. Reaction was carried out at 37°C for 10 min and stopped with 6.2% 
(w:v) trichloroacetic acid. The resulting free amino acid products were separated by 
centrifugation and quantitated by spectrometry using a L-tyrosine standard. Spécifie pepsin 
activity was expressed in International Units (pmol/min) per mg of protein. Protein content of 
the homogenates was measured using Folin reagent. Results are reported as means ± SEM and 
the statistical significance o f différences in enzyme activity between culture intervais or 
treatments was established at 95% and determined by analysis of variance followed by Student’s 
t test when significance was indicated.
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RESULTS
Epithelial cell morphology. Freshly isolated gastric épithélium was resuspended in culture 
fluid then fragmented mechanically into multicellular aggregates, and this material was plated in 
dishes pre-coated with collagen-I or Matrigel. Primary cultures seeded on collagen-I attached 
and spread rapidly, as visualized after 48h of culture (Fig. 1A). Between this interval and day 3, 
they already formed a confluent monolayer. In the presence of Matrigel, épithélial suspensions 
also attached rapidly but rather formed compact multicellular structures or organoids (Fig. 
1B,C). We next sought to identify the spécifie constituents o f Matrigel matrix responsible for this 
striking morphological feature. When incubated with purified LN-1, LN-2, LN-l/LN-2 mixture 
or 5ng/ml TGFpi, épithélial cells attached and spread rapidly (Fig. 1D,E), recalling their 
behavior on collagen-I. Interestingly, the use of LN-1 and/or LN-2 in combination with TGF(3l 
allowed the formation of compact épithélial cell colonies after 48h of culture (Fig. 1F). LNs and 
TGFpi thus synergized in the présent System to reproduce the bénéficiai effect of Matrigel.
When viewed by transmission electron microscopy after 48h, gastric épithélial cells exhibited 
a différent morphology depending on the biological matrix used as substratum. Cells cultured on 
collagen-I were generally characterized by a relatively less polarized phenotype (Fig. 2A). They 
grew as fiat monolayers displaying small and sparse microvilli on their apical surfaces, and few 
secretory granules were observed. On the contrary, addition of Matrigel resulted in the presence 
of three-dimensional clusters lined by well-polarized épithélial cells (Fig. 2B,C). Their integrity 
and polarity were indicated by the adéquate intracellular localization of basai nuclei, well- 
organized junctional complexes at the apical margins of cells, and abundant secretory organelles. 
However, gastric épithélial cells cultured with purified LN-1, LN-2 or TGFpi alone always 
exhibited a less polarized appearance (Fig. 2D,E), as observed with collagen-I. The combination
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of TGFpi with LN-1, LN-2 or LN-l/LN-2 mixture (Fig. 2F) exerted the same bénéficiai effects 
as Matrigel on the maintenance of differentiated phenotypes and cell polarity in épithélial cells. 
Cultured cells displayed a basai nucléus as well as specialized junctions, numerous microvilli 
and secretory granules in their apical régions.
Gastric lipase expression in zymogenic chief cells. In order to understand the molecular 
mechanisms involved in the maintenance of human chief cell functdonal différentiation, we next 
verified how human gastric lipase (HGL) expression would be modulated in the same culture 
conditions. Firstly, the use o f collagen-I coating induced a very significant decrease of HGL 
activity (Fig. 3A) and this effect correlated with a drastic réduction of HGL-mRNA signais 
during the incubation period (Fig. 3B). The level of immunoreactive E-cadherin protein also 
diminished markedly between 1.5 and 5 days of culture (Fig. 3C). By contrast, Matrigel 
prevented this down-regulation since cellular lipase activity (Fig. 4A) and HGL-mRNA levels 
(Fig. 4B) remained constant during culture. Of note, HGL activity levels measured afîter 1.5 day 
in the presence of Matrigel were 4-fold higher than those reported on collagen-I. Matrigel also 
maintained the expression of E-cadherin protein (Fig. 4C) and its adéquate distribution at sites of 
cell-to-cell contact in multicellular polarized clusters after 1.5 (Fig. 4D) and 5 days of culture 
(Fig. 4E).
In order to delineate the contribution of individual Matrigel components affecting HGL gene 
expression in our primary culture model, we investigated the potential implication of LN-1, LN- 
2 and TGF|3l. Seeding on both purified LNs resulted in a decrease of HGL activity and mRNA 
levels during culture (Fig. 3A,D). When compared to collagen-I however, HGL activity was 
signifïcantly higher at each time interval and the expression of E-cadherin protein remained 
constant (not shown) although some signs of dissociation from cell-cell contacts were observed
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
after 5 days (Fig. 3E). Of note, each purified LN used separately gave sixnilar results (not 
shown). TGFpl alone did not prevent the downfall of HGL cellular activity (Fig. 3A) and 
mRNA levels during the same culture interval. Most importantly, the combination of TGF(5l 
with LN-1, LN-2 or LN-l/LN-2 (Fig. 5) induced a progressive increase of HGL activity (Fig. 
5A) and mRNA levels (Fig.5B); compared to Matrigel and collagen-L lipase activity was 
significantly upregulated by 2.4 and 10 folds after 1.5 day. LNs/TGFpl also maintained constant 
E-cadherin protein levels (Fig. 5C) and preserved its adéquate localization at cell-cell boundaries 
in épithélial clusters after 1.5 (Fig. 5D) and 5 days o f culture (Fig. 5E). Chief cells présent in 
these compact and well-polarized structures showed a granule-like distribution of 
immunoreactive HGL at 1.5 day postplating (Fig. 6A), and staining was most intense after 5 days 
(Fig. 6B). Ultrastructural analyses also revealed highly polarized secretory cells reminiscent of 
those found in gastric glands. A significant proportion contained supranuclear secretory vesicles 
with a heterogenous core (Fig. 6C) characteristic of the zymogen granules fovmd in fetal chief 
cells (6). Junctional complexes (Fig. 6D) were visualized at apical margins between cells as 
indicated by the presence of zonula occludens (tight junction), zonula adherens (adherens 
junction) and macula adherens (desmosome). Finally, it is noteworthy that pepsin activity 
resulting from the activation of cellular pepsinogen (Pg5) was not up- or down-modulated with 
biological matrices, as opposed to HGL, except for a slight stimulation with Matrigel at the end 
of the incubation period (compared to ail other conditions; see Table 1).
Involvement o f Ct2 integrin in the maintenance o f HGL expression. The recent observation that 
a2pi integrin expression may be relevant to the différentiation and/or maintenance of human 
glandular chief cells (16) prompted us to verify its presence in gastric primary cultures seeded on 
LNs with TGFpi. Using the P1E6 monoclonal antibody that reacts with nonoverlapping epitopes
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on cc2 subunit, immunoreactivity was observed at cell-cell boundaries during the initiation of 
culture (Fig. 7A). After 5 days postplating, the <x2 subunit was properly localized at the 
periphery of cells (Fig. 7B) and Western blotting experiments confîrmed the continuous 
expression of the a2 subunit from 1.5 days onward (Fig. 7D). To assess the possible rôle of 
a2pl integrin in the upregulation of HGL expression, neutralization assays were performed with 
the same antibody. Following initial attachment (6h) of épithélial cells on LNs/TGFpl, addition 
of 10 |ig/ml anti-a2 for 48h produced a significant réduction of HGL-mRNA levels in culture, as 
revealed by RT-PCR experiments (Fig. 7E, left panel). In another set of experiments, addition of 
a neutralizing antibody against the oc3 integrin subunit, poorly expressed in gastric glandular 
cells (16), as well as the addition of a non relevant anti-keratin-18 immunoglobulin did not 
modulate HGL (Fig. 7E, right) thus confirming the specificity of response to anti-a2 antibody.
Implication o f MAPkinase cascades in HGL expression. To détermine whether intracellular 
MAPK cascades associated to growth factor and ECM signaling pathways take part in the 
LNs/TGFP 1 -induced régulation of HGL expression in chief cells, we tested sélective inhibitors 
of MKK-1/2—>p42/p44 pathway (PD98059) and p38a/p (SB203580). Compared to gastric 
primary cultures showing maximal levels of HGL activity with LNs/TGFpi, addition of 
PD98059 or SB203580 caused a significant decrease (Figure 8A) without affecting pepsin 
activity (Table 1). RT-PCR experiments were also performed after 48h of culture and HGL- 
mRNA signais were analyzed by semi-quantitative densitometry (Fig. 8B). As expected, each 
compound induced a strong down-regulation of HGL-mRNA levels (-50% with PD98059 and 
~80% with SB203580 vs. LNs/TGFpl without inhibitors). More interestingly, the simultaneous 
presence of both inhibitors (PD+SB) completely abolished mRNA expression thus suggesting 
that the synergistic response to LNs/TGFpi involves a parallel stimulation of p42/p44 and p38
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MAPK pathways. Their effects seem to be mediated directly through MAPK function since PD 
and SB did not modulate the expression of a2 integrin subunit protein (Fig. 8C) and since we 
observed no significant altération of the cell phenotype during the 48h-incubation period (data 
not shown).
DISCUSSION
In recent years, an understanding of the intrinsic mechanisms by which mucosal growth 
factors and ECM cooperatively regulate gut épithélial fiinctions has emerged. One current 
hypothesis is that paracrine and autocrine growth factors mainly contribute to the stimulation of 
cell prolifération and migration, often leading to expansion of the mucigenic cell lineage, while 
repressing the terminal différentiation of digestive cells (32, 35). We have demonstrated that 
members of the epidermal growth factor (EGF) family stimulate the prolifération of épithélial 
precursors, the synthesis of mucus, and down-regulate the expression of HGL in maturing chief 
cells (45, 47), supporting that this concept would apply to the human stomach. According to 
another recent hypothesis, the spatiotemporal expression of ECM components, and basement 
membrane proteins in particular, may play an inductive or permissive rôle during the 
moiphogenesis of digestive functional units and their maintenance in the mature gastrointestinal 
tract (9,10).
The présent study was conducted to investigate the contribution of ECM on the maintenance 
of épithélial morphology and digestive fiinctions in isolated human gastric cells. In order to 
decipher the cellular and molecular mechanisms involved, a new primary culture model was 
developed in our laboratory that is free of mesenchymal/submucosal influences and that is 
représentative of the intact fetal gastric épithélium (5, 6). It allows the growth and maintenance
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of ail gastric épithélial cell types, including functional glandular chief cells, in the absence of 
added biological matrix. No signs of cytoplasmic vacuolization and cell detachment are visible 
during the first week of culture. Under these minimal conditions however, attachment to the 
culture substratum is effective after one day, the polarity status of épithélial cells is modified and 
the expression of HGL in chief cells is spontaneously down-regulated (5). Logically, one could 
suggest that these phenomena could be attributed to the lack of ECM constituents, as reported for 
other épithélial cell types (4,13).
Our experiments clearly demonstrate that collagen-I allowed the rapid attachment of épithélial 
aggregates which spread intensely and lost their polarized phenotype, while the expression of E- 
cadherin protein was down-regulated. These effects are consistent with earlier observations made 
on cultures of intestinal épithélial cells where this interstitial ECM component optimizes cell 
adhésion and migratory behavior (7, 8). Furthermore the expression of HGL in gastric cells was 
drastically repressed under these conditions. When Matrigel was used as coating, cell spreading 
was less stimulated and morphological parameters were ail ameliorated. Epithelial aggregates 
adhered and conserved a compact organization in which individual cells retained the functional 
characteristics of a polarized gastric épithélium, as verified at the ultrastructural level and by the 
maintenance of E-cadherin in épithélial junctions. Interestingly, this reconstituted basement 
membrane exerted a bénéficiai effect on HGL gene expression as lipase activity and HGL- 
mRNA levels remained constant. Such observations are in accordance with those reported for 
intestinal épithélial cells (15, 22, 36) and other cell types (2, 4, 37) illustrating that Matrigel is 
particularly effective as a culture substratum for maintaining cell polarity or even eliciting a 
spectrum of phenotypic changes towards fiill différentiation. It is also noteworthy to mention that 
pepsin enzymic activity remained constant in the presence of collagen-I and only slightly
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increased with Matrigel after 5 days, as opposed to HGL. This further reinforces the concept that 
gastric zymogens are differently regulated in vivo (31) and in vitro (5,6,47).
A logical follow-up to these experiments was to investigate the implication of laminins (LNs) 
and TGFpi in the Matrigel-induced response since it was shown that they are major constituents 
of this reconstituted basement membrane (42, 50). While the regulatory potential of LN-1 on the 
expression of brush border enzymes in intestinal cells has been verified by a number of 
investigators (8, 22, 36, 48), we compared herein the effects of two LN variants based on the 
differential distribution of LN-l/LN-10 (ubiquitous) and LN-2 (base of gland) along the gastric 
foveolus-gland axis (16, 46). Also, the TGFpi peptide exerts a biological activity différent from 
other growth factors because it generally acts as an antimitogen on cultured épithélial cells and 
sometimes promotes their morphological and functional différentiation (40). Our data indicate 
that gastric épithélial cells seeded on LN-1, LN-2, LN-l/LN-2 mixture or in the presence of 
TGFpi alone exhibited higher HGL activity compared to collagen-I which down-regulated HGL 
more drastically after 5 days. This variation may be related to the differential régulation of E- 
cadherin since only collagen-I strongly repressed this junctional marker during the first days of 
incubation. However, cells maintained with LNs or TGFpl formed a flattened monolayer and a 
progressive and significant down-regulation of HGL still occurred. In the same cultures, signs of 
E-cadherin dissociation from cell-cell contacts were observed in long term. In comparison, when 
LNs and TGFpl were added simultaneously, the primary cultures were composed of isolated and 
compact organoid structures and the hignly polarized phenotype of épithélial cells was 
preserved. These conditions also maintained a proper distribution of E-cadherin at cell-cell 
boundaries and the presence of a functional secretory apparatus in chief cells. LNs/TGFpi even 
upregulated HGL levels compared to Matrigel, possibly reflecting the purified nature of the
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
ligands. We also noted that each LN form as well as the LN-l/LN-2 mixture exerted similar 
effects, suggesting that any possible différence in their secondary or tertiary structure has no 
significant repercussion on LN bioactivity in our system, at least on cell morphology and HGL. 
In summary, the last results indicate that gastric primary cultures necessarily require both LNs 
and TGFpi suppléments for expressing their optimal functional characteristics since only this 
combination is able to maintain épithélial cell polarity and to induce HGL expression. Moreover 
such findings suggest that the régulation of gastric digestive fiinctions would be coordinated by a 
delicate balance of inducer and repressor factors. In our basic reference describing the primary 
culture methodology (5), it was reported that EGF negatively régulâtes HGL mRNA and activity 
without affecting pepsin, as previously demonstrated in gastric mucosa expiants for EGF itself 
and other mitogens like TGFa, IGF-I and IGF-II (44,45).
ECM components such as basement membrane LNs modulate gut épithélial cell fiinctions by 
interacting with integrin receptors (9, 10). Our previous study (16) revealed an increased 
expression and re-distribution of oc2-integrin subunit at the basai membrane of épithélial cells in 
the inferior portion of the fetal gastric gland. This suggested that the <x2pi integrin may play a 
key rôle in the différentiation and/or maintenance of glandular cell types, especially zymogenic 
chief cells versus the pariétal cell lineage where expression of a2-subunit was strongly 
repressed. This view is supported by the fact that simultaneous addition of a neutralizing 
antibody against the a2 subunit with LNs/TGFpi almost abrogated HGL-mRNA production in 
primary cultures after 48h. In addition, there is increasing evidence that intracellular signais 
elicited by hormones, growth factors and integrin ligands exert their cooperativity on cell 
responses through a convergent régulation of MAPK cascades (3,17). Several investigators have 
indeed demonstrated that the presence of LNs or TGFP commonly elicits the activation of
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p42/p44 MAPKs (18, 24, 38). This was specifically verified for intestinal cell lines (29, 52), 
whereas TGFP also activâtes p38a/p MAPKs in gastric cell cultures (26). Further adding to the 
relevance of MAPK function in gastric physiology, we have shown that an acute deregulation of 
basai p42/p44 activity by the mitogens EGF and TGFa was partly responsible for inhibiting 
HGL expression (45). As shown herein, the spécifie inhibitor of p42/p44 cascade PD98059 (19) 
significantly reduced the stimulatory effect of LNs/TGFpl on HGL-activity/mRNA after 48h 
and this down-regulation was even stronger with SB203580, an inhibitor of p38 (28). It is also 
noteworthy that their combination completely abrogated the inductive effect of LNs/TGFpi. 
Therefore our results suggest that a parallel activation of two MAPK cascades is necessary for an 
optimal régulation of HGL gene expression in chief cells. Such a cooperativity has been 
observed in myoblasts where both p38 and p42/p44 activities are required to activate myogénie 
transcription and hypertrophie growth of myotubes (51). In conclusion, the présent investigation 
allows to identify TGFpi and LNs as positive regulators of cell polarity and HGL expression in 
gastric épithélial cultures. It is thus the first démonstration that a powerful synergism between a 
growth factor and basement membrane LNs maintains the fimctionality of human gastric 
glandular épithélium, including the zymogenic chief cell population, through an activation of the 
a2pi integrin and effectors of two MAPK pathways.
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LEG END S T O  FIGU RES
Fig. 1. Optical microscopy of gastric épithélial primaiy cultures. By 48h post-plating, cell 
colonies cultured on collagen-I had spread intensely (A). In the presence o f Matrigel, compact 
multicellular clusters (arrows) were visible at the center of épithélial colonies (B,C). When 
seeded either on purified LN-1 (D), LN-2 or TGFpl alone (E), aggregates spread and eventually 
generate monolayers of flattened cells, as seen with collagen-I. Combination of LNs (LN1/LN2) 
with TGFpl (F) caused the formation of dense multicellular structures (arrow) similar to those 
noted on Matrigel. Bar = 50 pm (phase microscopy except B under bright field).
Fig. 2. Transmission electron microscopy of Epon-embedded gastric primary cultures after 48h. 
On collagen-I (A), cells grew as coherent fiat monolayers displaying sparse microvilli on their 
apical membrane (arrows). Matrigel maintained épithélial colonies as compact organoids where 
secretory cells were sometimes facing a central lumen (B). Individual cells displayed a polarized 
phenotype and abundant granules in their supranuclear cytoplasm (C). Gastric cells cultured on 
either LN-1, LN-2 (D) or TGFpl alone (E) exhibited a depolarized appearance and few electron- 
luscent granules (asterisks). In the combined presence of TGFpi and LNs (LN1/LN2 mixture is 
shown) (F), épithélial cells in multicellular aggregates were characterized by intercellular 
junctions (arrowheads), apical microvilli, basai nuclei and secretory granules. Bar = 1 pm
Fig. 3. Effects of collagen-L LNs (LN-l/LN-2 mixture) and TGFpl (5 ng/mL plus 0.1%BSA) on 
the expression of HGL and épithélial junctions. Spécifie HGL activity was measured in cells (A) 
at 1.5, 3 and 5 days of culture and values represent the means ± SEM of three separate and
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independent experiments. For each condition, activity significantly decreased between culture 
intervais and asterisks indicate a significant différence between conditions on a spécifie day 
(p<0.05). Représentative Northern blot analyses (B,D) at 1.5, 3 and 5 days showing the effect of 
collagen-I and LNs on HGL-mRNA compared to GAPDH-mRNA control. Total RNA was 
prepared as described (5). Western blot analysis (C) of E-cadherin protein compared to 
cytokeratin-18 (Kl 8) control in cells cultured on collagen-I. Indirect immunofluorescence (E) of 
E-cadherin after 5 days of culture with LNs. Bar = 50 pm
Fig. 4. Effects of Matrigel on the expression of HGL and épithélial junctions. Spécifie HGL 
activity measured in cells (A) at 1.5, 3 and 5 days of culture. Values represent the means ± SEM 
of four separate and independent experiments. Représentative Northern blot analysis (B) at 1.5,3 
and 5 days showing HGL and GAPDH-mRNAs. Western blot analysis (C) and immunodetection 
of E-cadherin in multicellular polarized clusters after 1.5 (D) and 5 days of culture (E). Bar = 50 
pm
Fig. 5. Combinatory effects of LNs (LN-l/LN-2 mixture) and TGFpl on HGL expression and 
épithélial junctions. Spécifie HGL activity was measured in cells (A) at 1.5, 3 and 5 days and 
found to increase significantly between culture intervais (p<0.05). Values represent the means ± 
SEM of five separate and independent experiments. Représentative Northern blot analysis (B) at 
1.5, 3 and 5 days showing HGL and GAPDH-mRNAs. Immunodetection o f E-cadherin in 
multicellular polarized clusters after 1.5 (C) and 5 days of culture (D). Bar = 50 pm
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Fig. 6. Combinatory effects of LNs (LN-l/LN-2 mixture) and TGFpl on HGL immunoreactivity 
and épithélial morphology. Using an anti-HGL antibody, chief cells inside dense and compact 
colonies showed a strong immunoreactivity after 1.5 day of culture (A). Staining was most 
intense after 5 days of culture (B). Ultrastructural analyses reveal numerous secretory vesicles 
(C) as well as junctional complexes at apical margins between cells (D) comprising zonula 
occludens (ZO), zonula adherens (ZA) and macula adherens (MA). White bar = 50 jim (A,B), 
Black bar = 0.5 |im (C,D)
Fig. 7. Rôle of a2 integrin subunit in the maintenance of HGL expression. In three différent 
cultures seeded on LN-l/LN-2 with TGFpi, immunodetection using the anti-oc2 P1E6 antibody 
reveals staining at cell-cell boundaries after 1.5 day (A) and 5 days (B). Controls where the 
primary antibody was omitted showed no significant staining (C). Représentative Western blot 
analysis (D) at 1.5, 3 and 5 days showing a2 subunit protein and cytokeratin-18 (Kl 8) control. 
Two représentative RT-PCR for HGL-mRNA (E) in cells cultured 48h on LNs/TGFpi in the 
presence of neutralizing antibodies: anti-a2 integrin (-Hx2, inhibitory effect), anti-a3 integrin 
(-Hx3, no effect) and a non relevant anti-K18 immunoglobulin (+IgG, no effect). GAPDH-mRNA 
probe was used as an internai control. Bar = 50 jim
Fig. 8. Rôle of MAPK pathways in induction of HGL expression. Spécifie HGL activity 
measured in cells (A) after 48 h of culture in the presence of sélective inhibitors of p42/44 
(PD98059, 20jiM) and of p38a/p (SB203580, 20jiM) MAPK pathways. Values represent the 
means ± SEM of three independent experiments and asterisks indicate a significant decrease 
versus LN/TGFpl (p<0.05). RT-PCR for HGL-mRNA and GAPDH control (B) in three cultures
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maintained 48h on LNs/TGF{3l with PD and/or SB. Western blot analysis (C) of oc2 integrin 
subunit protein and cytokeratin-18 control (Kl8) shows no altération in the presence of 
inhibitors.
Table 1. Spécifie pepsin activity measured in primary gastric épithélial cultures: effect of 
biological matrices and MAPK inhibitors. Results are expressed in IU/mg protein and represent 
the means ± SEM of three to six separate experiments. LN-1, LN-2 and LN-l/LN-2 mixture, 
gave similar results and the latter is shown. Asterisk indicates a significant différence between 
cellular activities on Matrigel and other conditions after 5 days (p<0.05).
Condition 1.5 3 5
Collagen-I 100 ± 9 122 ± 11 111 ± 7
Matrigel 130 ±15 140 ± 6 150 ±1 7 *
LN-l/LN-2 97 ± 4 90 ±12 87 ±11
TGFpl alone 107 ± 12 102 ± 10 91 ± 7
LN/TGFpl 104 ± 9 109 ±11 99 ±14
LN/TGFpl +PD 98 ±3 105 ± 9 n.d.
LN/TGFpl+SB 100 ± 9 91 ±13 n.d.
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Vn-DISCUSSION
L’unité fonctionnelle de la muqueuse gastrique est constituée de l’axe 
foveolus-glande. Cet axe est une structure complexe résultant de la migration 
ascendante et descendante des cellules prolifératives situées au niveau de l’isthme. 
Les cellules qui entreprennent une migration ascendante vont se différencier en 
cellules à mucus du foveolus et de l’épithélium de surface pendant que celles 
migrant de façon descendante vont se différencier en cellules à mucus du collet, 
cellules pariétales, cellules principales et cellules endocrines. Les cellules à 
mucus du collet sont dites mucopeptiques car celles-ci vont se différencier en 
cellules pré-zymogéniques puis en cellules principales matures. L’acquisition des 
fonctions épithéliales spécialisées de la muqueuse gastrique dépend: 1) des 
interactions complexes d’hormones, de facteurs de croissance et de cytokines avec 
leurs récepteurs membranaires spécifiques, 2) d’interactions cellule-cellule et 
cellule-matrice extracellulaire variées et 3) de voies de signalisation intracellulaire 
multiples. Les mécanismes cellulaires et moléculaires contrôlant la régulation des 
fonctions épithéliales gastriques humaines ont très peu été étudiés principalement 
à cause du manque de modèles expérimentaux adéquats.
Les objectifs du présent travail visaient donc, d’une part, à établir de 
nouveaux modèles cellulaires gastriques et d’autre part, à caractériser les 
mécanismes régulateurs pouvant moduler l’expression des fonctions digestives 
gastriques humaines, et plus particulièrement la régulation de la synthèse de la
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lipase gastrique. La caractérisation détaillée des facteurs pouvant influencer une 
cellule épithéliale à acquérir des fonctions associées à un statut fonctionnel 
différencié ou encore à maintenir un état prolifératif requiert l’établissement de 
modèles cellulaires adéquats. L’utilisation de nombreuses lignées cancéreuses 
gastriques s’est avérée intéressante pour l’identification de modulateurs impliqués 
dans l’oncogenèse et la transformation cellulaire (Yoshida et al., 1990; Guo et al., 
1993; Naef et al., 1996; Liu et al., 1997). Cependant, les travaux concernant le 
processus de différenciation fonctionnelle gastrique, spécifiquement ceux en 
relation avec l’expression des fonctions digestives, sont inexistants. C’est dans cet 
ordre d’idée que nous avons entrepris une étude détaillée des marqueurs 
fonctionnels associés à l’épithélium gastrique normal dans quatre lignées 
gastriques cancéreuses humaines (Chapitre II) dans le but éventuel d’établir un 
modèle cellulaire équivalent à celui des cellules Caco-2 au niveau de l’intestin 
humain (Zweibaum et al., 1983; Rousset et al., 1985). Tout d’abord, l’observation 
morphologique de ces lignées a indiqué l’existence d’un statut fonctionnel distinct. 
En effet, nos résultats démontrent clairement que seules les cellules NCI-N87 
expriment et distribuent adéquatement les protéines jonctionnelles cadhérine-E et 
ZO-1, ce qui supporte l’existence d’intimes contacts cellule-cellule dans celles- 
ci. Certains travaux ont déjà démontré que les cellules KATO-III produisent une 
cadhérine-E avec des mutations ponctuelles résultant en une production aberrante 
de l’ARNm (Oda et al., 1994). Une telle dysfonction pourrait expliquer la 
capacité de ces cellules à croître en suspension sous forme de cellules isolées
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(Motoyama et al., 1986). Récemment, l’absence d’expression de cadhérine-E a été 
notée dans la lignée AGS (Hsieh et al., 1996; Jawhari et al., 1999). Cette 
caractéristique pourrait expliquer, en partie, pourquoi les monocouches de cellules 
AGS perdent leur intégrité suite à l’atteinte de la confluence. En comparaison, les 
cultures de cellules NCI-N87 montrent une morphologie épithéliale cohérente à un 
stade post confluent. Par conséquent, il apparait plausible de supposer que les 
NCI-N87 expriment un phénotype épithélial plus différencié.
Dans l’épithélium gastrique normal, les mucines MUC5 et MUC6 sont 
exprimées dans des types cellulaires distincts. MUC5 a été associée aux cellules 
épithéliales mucigènes de surface et fovéolaires (De Bolos et al., 1995; Ho et al., 
1995) alors que l’expression de MUC6 a été mise en évidence au niveau des 
cellules à mucus du collet (Byrd et al., 1997; Bartman et al., 1998). Une étude 
précédente a rapporté l’absence de l’ARNm-MUC6 dans plusieurs lignées 
gastriques cancéreuses (Carvalho et al., 1999). Nos résultats obtenus dans les 
lignées AGS, Hs746t et KATO-III supportent cette conclusion. Par contre, nous 
avons démontré pour la première fois, la présence de MUC6 dans les cellules NCI- 
N87; une telle observation pourrait suggérer que cette lignée aurait la capacité de 
ce diriger vers une différenciation mucopeptique.
Le long de l’axe foveolus-glande, la maturation des cellules du collet 
exprimant MUC6 mène à l’apparition des cellules principales zymogéniques (De 
Bolos et al., 1995; Karam, 1999). Chez l’humain, la cellule principale exprime à 
la fois le pepsinogène et la lipase gastrique. La dernière partie de ce travail de
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caractérisation visait donc à déterminer la présence des enzymes digestives 
gastriques. Au départ, nous avons établi la présence et les niveaux d’activité pour 
Pg5 et HGL dans ces quatre lignées. Les cellules NCI-N87 montrent non 
seulement une quantité significativement plus importante d’enzymes mais aussi 
une capacité unique de sécrétion des deux zymogènes. De plus, seul les NCI-N87 
présentent une localisation cytoplasmique granulaire pour Pg5 et HGL. Ces 
caractéristiques sont similaires à celles préalablement observées au niveau des 
cellules principales humaines normales (Moreau et al., 1988; Basque et Ménard, 
2000). Enfin, l’addition du facteur de croissance épidermique au cellules NCI- 
N87 maintenues à postconfluence résulte en une stimulation de la sécrétion de 
HGL sans affecter celle de Pg5. Cette réponse différentielle des enzymes 
digestives présentes dans une sous-population des cellules NCI-N87 est en accord 
avec le concept stipulant que l’expression des enzymes digestives gastriques soit 
sous le contrôle de mécanismes régulateurs différents (Chew et Hershey, 1982; 
Kasbekar et al., 1983; Finks et al., 1985). Il est clair que l’analyse morphologique 
et fonctionnelle détaillée de marqueurs épithéliaux démontre la présence de 
populations épithéliales hétérogènes dans la lignée parentale des cellules NCI- 
N87. Cependant, la localisation subcellulaire des enzymes digestives contenues 
dans une sous-population épithéliale offrirait la possibilité de cloner les NCI-N87 
permettant l’isolement subséquent de populations cellulaires gastriques 
homogènes exprimant les marqueurs d’intérêt tels que le pepsinogène et la lipase 
gastrique.
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Parallèlement aux études sur les lignées cancéreuses, nos efforts se sont 
également centrés vers l’établissement d’un système de culture primaire à partir 
d’épithélium gastrique fœtal humain (Chapitre III). Depuis plusieurs années, 
quelques tentatives avaient été effectuées dans le but de générer des cultures 
épithéliales à partir de la muqueuse gastrique animale (Sanders et al., 1983; 
Rattner et al., 1985; Fukamachi et al., 1994; Takahashi et al., 1995) et humaine 
(Terano et al., 1982). Les techniques conventionnelles d’isolement d’épithélium 
gastrique incluent l’utilisation d’enzymes de dissociation (Sanders et al., 1983; 
Rattner et al., 1985; Chew, 1994). Ces protocoles ont toujours résulté en une 
pauvre récupération de la fraction épithéliale et, souvent, en un important degré de 
contamination par des cellules mésenchymateuses. De plus, ces cultures primaires 
gastriques étaient constituées presqu’exclusivement de cellules mucigènes de 
surface et caractérisées par l’absence systématique de cellules principales (Rattner 
et al., 1985; Boland et al., 1990; Rutten et al., 1993).
L’utilisation du Matrisperse, sous conditions préalablement établies pour 
l’intestin fœtal humain (Perreault et Beaulieu, 1998), nous a permis d’isoler de 
façon intacte l’épithélium gastrique fœtal humain. Nos analyses démontrent que 
ces cultures primaires sont composées de cellules à mucus, de cellules pariétales, 
de cellules principales et de cellules prolifératives. De plus, chacune des 
populations cellulaires retrouvées maintient ses caractéristiques fonctionnelles en 
culture (voir figure-1 ou chapitre III). Par conséquent, ce travail nous a permis 
d’établir un nouveau modèle de culture primaire véritablement représentatif de
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Pépithélium intact (Basque et Ménard, 2000). Il est important de noter que ces 
préparations de cellules épithéliales gastriques conservent leurs caractéristiques 
morphologiques et fonctionnelles en absence de matrice biologique. Cette 
caractéristique est unique puisqu’il a été démontré que le maintien d’un phénotype 
différencié dans les cultures primaires déjà établies requiert la présence de 
constituants de la matrice extracellulaire (Fujiwara et al., 1995; Perreault et 
Beaulieu, 1998). Un autre avantage de ce nouveau système vient du fait que le 
traitement au Matrisperse résulte en l’isolement d’agrégats multicellulaires, 
comparativement à une suspension de cellules isolées qui montrent une survie 
relativement courte (Terano et al., 1982; Matuoka et al., 1983). Pour la première 
fois, nos cultures primaires renferment une importante population de cellules 
principales qui synthétisent et sécrètent du pepsinogène et de la lipase. De plus, 
une régulation différentielle des zymogènes a été notée en culture; ces patrons 
d’expression apparaissent similaires à ceux préalablement observés dans les 
expiants gastriques fœtaux humains (Ménard et al., 1995, Tremblay et al., 1997). 
Ce système nous a permis de générer des cultures primaires représentatives de 
F épithélium gastrique intact (Basque et Ménard, 2000). De plus, celui-ci permet 
le maintien de tous les types cellulaires épithéliaux, incluant une importante 
population de cellules principales en absence d’influences mésenchymateuses. 
Dans ces conditions minimales de culture, le statut de polarisation des cellules 
épithéliales est modifié et l’expression de HGL en fonction du temps de culture 
décroit spontanément (chapitre V). Comme en témoignent plusieurs études
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antérieures, nos données suggèrent que ce phénomène pourrait être attribué à 
l’absence de constituants spécifiques de la matrice extracellulaire (Bissel et 
Aggeler, 1987; Barcellos-Hoff et al., 1989).
La matrice extracellulaire, de concert avec le système hormonal et les 
facteurs de croissance participent activement au contrôle de l’expression génique 
associée à un phénotype cellulaire particulier. Il est maintenant reconnu que la 
composition de la lame basale n’est pas statique. Des changements dans le patron 
d’expression de ces divers constituants ont fréquemment été observés (Beaulieu, 
1992; Perreault et al., 1995; Perreault et al., 1998). Au niveau de l’estomac 
humain, certains travaux ont permis de démontrer une certaine régionalisation des 
laminines. En effet, il a été rapporté que la présence de la laminine-1/10 (Tani et 
al., 1999) est ubiquiste le long de l’axe foveolus-glande (Virtanen et al., 1995; 
Tremblay et Ménard, 1996). En comparaison, la laminine-2 montre une 
distribution plutôt restreinte à la base des glandes gastriques (Virtanen et al., 1995; 
Tremblay et Ménard, 1996) ainsi qu’au niveau des cryptes intestinales (Perreault 
et al., 1995). La co-détection de LN-1/10 et LN-2 au niveau de la base des 
glandes gastriques est surprenante puisque la plupart des études sur la membrane 
basale ont montré une répartition exclusive de l’une ou de l’autre de ces laminines 
(Engvall, 1993; Perreault et al., 1995). À notre connaissance, la présence 
simultanée des deux variantes dans le compartiment glandulaire gastrique est 
unique. De ces observations, les auteurs ont suggéré que la LN-2 pourrait agir 
comme élément important dans la migration descendante ou la différenciation des
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types cellulaires associés à l’épithélium glandulaire (Tremblay et Ménard, 1996). 
Cependant, cette hypothèse n’exclut pas la participation et l’importance de la LN- 
1/10 dans ces processus. Ces observations nous ont donc fourni les données de 
base concernant l’expression sélective de certains composants de la lame basale 
impliqués dans la morphogenèse de l’estomac humain.
La différenciation et le maintien des phénotypes épithéliaux dépendent 
étroitement des interactions cellulaires qui s’exercent avec les constituants 
retrouvés au niveau de la BM (Vachon et al., 1995; Perreault et al., 1995). Cette 
communication est assurée, entre autres, grâce aux récepteurs membranaires 
spécifiques de la famille des intégrines. Ainsi, selon son répertoire d’expression 
en intégrines, une cellule épithéliale peut filtrer les informations du 
microenvironnememt qui lui sont pertinentes (Beaulieu, 1997; Lussier et al., 
2000). Plusieurs intégrines exprimées dans les cellules épithéliales tels que a lp l, 
a2(51, a3(51, aôpi, a6p4 et a7pi ont été identifiées comme récepteurs potentiels 
des différentes laminines (Ruoslahti, 1991; Mercurio, 1995; Virtanen et al., 1995; 
Beaulieu, 1997). Une expression différentielle de ces récepteurs le long de Taxe 
foveolus-glande au niveau de l’estomac pourrait constituer l’élément déclencheur 
de la réponse cellulaire en fonction des variations dans les éléments de la lame 
basale. Dans l’épithélium gastrique en développement (Chapitre IV), nous 
rapportons l’apparition précoce des sous-unités a6 et pi des intégrines au niveau 
de Tépithélium stratifié indifférencié. De plus, nos travaux démontrent
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l’expression ubiquiste de ces sous-unités le long de l’axe foveolus-glande à des 
stades plus avancés du développement. Tout comme chez l’adulte (Virtanen et 
al., 1995), la chaîne a l  de la laminine-1/10 (LN-1/10) a aussi été associée aux 
cellules épithéliales situées tout le long de l’axe dans l’estomac fœtal humain. Par 
conséquent, nos travaux suggèrent fortement que l’intégrine a6(31 pourrait médier 
les effets de la LN-1/10 dans la différenciation primaire ou dans le maintien des 
phénotypes épithéliaux gastriques. La localisation restreinte des sous-unités a3 
et (34 des intégrines au niveau de l’épithélium de surface et fovéolaire est 
intéressante. En effet, cette distribution corrèle avec celle de la chaîne cc3 de la 
laminine (LN-5, -6, -7) déjà observée. Ainsi, les intégrines a3(31 et a6|34 
pourraient servir de récepteurs pour la laminine-5 (LN-5) et comme effecteurs de 
la différenciation des cellules mucigéniques (voir Figure-2). Il est important de 
noter qu’un gradient décroissant d’expression vers la base des glandes gastriques a 
été observé pour la sous-unité £4 intégrine. Cette situation est différente de celle 
retrouvée chez l’adulte, où son expression est strictement reliée à l’épithélium de 
surface (Virtanen et al., 1995). Une telle variation pourrait illustrer l’implication 
possible de l’intégrine a6|34 dans la régulation de la morphogenèse épithéliale 
(Stahl et al., 1997). La localisation de la sous-unité cc2 intégrine a révélé un 
patron d’expression complexe le long de l’axe foveolus-glande. Premièrement, 
une distribution basolatérale d’a2 au niveau des cellules épithéliales de surface et 
du foveolus suggère une interaction hétérotypique possible entre les intégrines
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a2pi et oc3(31 dans les processus jonctionnels intercellulaires (Carter et al., 1990; 
Symington et al., 1993). Ensuite, l’observation d’un gradient d’expression 
croissant vers la base des glandes et d’une déposition basale importante d’a2pi 
dans les cellules lui confère une fonction régulatrice dans la différenciation 
épithéliale glandulaire gastrique. Considérant que la déposition de la laminine-2 et 
que la translocation subcellulaire de l’intégrine a2(îl ont préalablement été 
associées à la différenciation épithéliale ainsi qu’à la sécrétion lactogénique des 
cellules glandulaires mammaires (Berdichevsky et al., 1992; Keely et al., 1995), 
on peut penser à une implication particulière de l’intégrine a2pi en collaboration 
avec la laminine-2 dans l’acquisition d’un phénotype sécrétoire différencié au 
niveau de la glande gastrique humaine. Finalement, l’absence totale d’expression 
de la sous-unité cc2 intégrine au niveau des cellules pariétales (pompe 
H+/K+ATPase) pourrait fournir un nouvel élément pour la compréhension des 
mécanismes régulateurs impliqués dans la spécialisation morphologique ainsi que 
dans l’induction génique des cellules épithéliales gastriques humaines.
L’application avec succès de la culture organotypique à la muqueuse 
gastrique fœtale humaine (Ménard et Arsenault, 1993) nous a offert l’unique 
opportunité de préciser le mécanisme d’action du facteur de croissance 
épidermique sur les fonctions digestives gastriques. Les travaux antérieurs de 
notre équipe ont démontré que les membres de la famille du facteur de croissance 
épidermique induisent la prolifération des précurseurs épithéliaux, stimulent la
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synthèse de produits mucigènes et inhibent l’activité de HGL sans toutefois 
affecter celle du pepsinogène (Pg5) dans les cellules principales en maturation 
(Ménard et al., 1995; Tremblay et al., 1997). Afin de déterminer à quel niveau 
EGF modulait l’expression de HGL, nous avons analysé les niveaux des ARN 
messagers (Chapitre V). Nos données ont démontré une réduction drastique des 
niveaux d’ARNm-HGL après 8 heures de culture en présence d’EGF ou de son 
homologue TGFa. À noter, cette variation coincide avec la diminution de 
l’activité tissulaire HGL induite par EGF après 24 heures de culture. Nos résultats 
établissent donc que l’expression d’HGL, en présence de ces deux facteurs de 
croissance, est régulée au niveau transcriptionnel dans des expiants gastriques 
fœtaux humains. Afin de détailler le mécanisme d’action d’EGF sur la lipase, des 
travaux réalisés en utilisant un inhibiteur spécifique des MAPKs ont été initiés. 
L’utilisation d’un anticorps reconnaissant les formes phosphorylées des 
p42/44MAPK a permis de démontrer qu’une certaine activité MAPK est requise afin 
de maintenir les niveaux des ARNm-HGL en culture. Ceci a été supporté par le 
fait que l’ajout de l’inhibiteur spécifique PD98059, causant une chute drastique de 
l’activité MAPK, entraine une réduction importante en ARNm-HGL. À l’opposé, 
la présence des facteurs de croissance (EGF, TGFa) provoque une hausse 
importante des niveaux d’activation MAPK et une diminution des ARNm-HGL. 
Donc, nos résultats suggèrent que l’activation ou l’inhibition de la cascade des 
p42/44MAPK cause une réduction des niveaux d’HGL. L’observation que les 
niveaux d’ARNm-HGL sont faiblement modulés lorsque les variations en activité
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MAPK sont annulées par la combinaison EGF et PD supporte ce concept. 
Parallèlement, l’addition du facteur de croissance épidermique à des cultures 
primaires épithéliales gastriques (Chapitre III) exerce un effet modulateur 
identique à celui démontré antérieurement dans des expiants gastriques cultivés 
(Chapitre V). En effet, nos résultats démontrent d’une part, une diminution de 
l’expression des niveaux de HGL et d’autre part, une forte stimulation de l’activité 
p42/44MAPK (résultats non publiés) en présence du facteur de croissance EGF. De 
plus, l’ajout de l’inhibiteur spécifique PD98059 provoque aussi une diminution 
importante de l’activité des p42/44MAPK dans les cultures primaires. Ainsi, nos 
travaux ont permis d’illustrer que l’EGF est capable de moduler directement 
l’activité synthétique de cette population épithéliale sans la contribution des 
composantes de la matrice extracellulaire. De ce fait, nos données supportent la 
représentativité de notre système de culture primaire et témoignent de la 
fonctionnalité des cellules principales. Dans la littérature, des travaux ont 
démontré que l’addition d’EGF à des cultures de cellules pariétales pouvait inhiber 
la sécrétion acide et que ceci corrélait avec une activation des p42/44MAPK 
(Nakamura et al., 1996). D’autres publications ont également documenté qu’une 
activation à court terme des MAPKs était requise pour l’entrée en phase-S alors 
que leur activation soutenue induisait l’expression de p21clf> qui inhibe la transition 
en phase Gl/S (Woods et al., 1997; Tombes et al., 1998). En outre, nos résultats 
ont illustré que la stimulation ou l’inhibition des p42/44MAPK au dessus ou au 
dessous d’un seuil critique d’activité pouvait régulariser de façon négative les
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processus moléculaires qui requièrent une certaine activité MAPK. Récemment, il 
a été démontré que l’EGF pouvait stimuler différents signaux intracellulaires dans 
les cellules gastriques, incluant l’activation de la protéine kinase-C ainsi que la 
voie JAK/STAT (Pai et Tamawski, 1998). Même si nos données suggèrent 
fortement que Faction modulatrice d’EGF/ TGFa implique la cascade 
intracellulaire des p42/44MAPK, nous ne pouvons exclure l’interaction possible 
d’autres mécanismes de régulation. Bien que le modèle de culture organotypique 
offre l’opportunité d’identifier les modulateurs et d’étudier leurs effets biologiques 
spécifiques sur le développement fonctionnel d’un tissu intact, ce modèle présente 
toutefois certaines limitations expérimentales. L’utilisation de tissus entiers 
s’avère être un facteur limitant puisque qu’elle nécessite une quantité importante 
de spécimens afin de mener les travaux à terme. De plus, la culture d’explants 
intacts est peu propice pour disséquer de façon expérimentale les mécanismes 
cellulaires et moléculaires contrôlant l’expression des fonctions digestives.
La régulation et/ou le maintien de la différenciation épithéliale sont 
contrôlés non seulement par des facteurs de croissance et hormones agissant par 
voie paracrine et/ou autocrine (Podolsky et Babyatsky, 1995, Montgomery et al., 
1999) mais sont aussi étroitement liée à l’expression spatiotemporelle des 
composantes de la matrice extracellulaire (Beaulieu, 1997; Montgomery et al., 
1999). Ainsi, certains constituants de la lame basale pourraient jouer des rôles 
inducteurs ou permissifs au cours du processus de morphogenèse glandulaire et 
pourraient assurer le maintien des fonctions digestives au niveau du tube digestif
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mature (Beaulieu, 1997; Beaulieu 1999). Le dernier volet du projet de recherche 
visait donc à établir la contribution des constituants de la lame basale sur le 
maintien de la morphologie épithéliale et à la régulation des fonctions digestives 
dans des cellules gastriques isolées. Nous avons donc utilisé notre nouveau modèle 
de culture primaire afin de vérifier si les modifications fonctionnelles observées 
pouvaient être attribuées à l’absence de constituants spécifiques de la matrice 
extracellulaire. Nos expériences (chapitre VI) démontrent clairement que 
l’utilisation du collagène-I permet l’attachement rapide des aggrégats cellulaires 
qui s’étalent et se dépolarisent de façon importante tandis que l’expression de la 
cadhérine-E est fortement inhibée. Ces observations corrèlent avec certains 
travaux réalisés sur des cultures de cellules épithéliales intestinales démontrant 
que ce constituant de la matrice extracellulaire interstitielle pouvait optimiser 
l’adhésion ainsi que la migration cellulaire (Basson et al., 1992; Basson et al., 
1996). Dans ces mêmes conditions, l’expression de HGL est aussi drastiquement 
réprimée. Cependant, en présence d’une couche mince de Matrigel, l’étalement 
cellulaire est ralenti et les paramètres morphologiques sont positivement modifiés. 
En effet, des aggrégats multicellulaires sont présents et ceux-ci démontrent une 
organisation tridimentionnelle. L’analyse ultrastructurale révèle qu’au niveau de 
ces structures, les cellules conservent les caractéristiques fonctionnelles de 
l’épithélium gastrique polarisé comme le démontre un maintien de l’expression de 
la cadhérine-E au niveau des jonctions cellulaires. L’observation la plus 
intéressante vient du fait que le Matrigel exerce un effet bénéfique sur l’expression
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de HGL. L’utilisation de cette lame basale reconstituée a permis, pour la toute 
première fois, de maintenir intacts les niveaux transcriptionnels et traductionnels 
de HGL en fonction du temps. Ces observations supportent certains travaux 
réalisés antérieurement sur différents types cellulaires (Scheutz et al., 1988; 
Barchellos-Hoff et al., 1989; Aggeler et al., 1991) incluant les cellules épithéliales 
intestinales (Carroll et al., 1988; Hahn et al., 1990; Sanderson et al., 1996). Nos 
données illustrent l’efficacité du Matrigel à promouvoir la polarisation cellulaire et 
l’induction de nombreux changements phénotypiques menant au maintien et/ou à 
une différenciation terminale. En comparaison avec HGL, il est important de 
mentionner que l’activité de la pepsine demeure inchangée par l’ajout des 
différents substrats biologiques utilisés dans nos expériences. Par conséquent, nos 
résultats supportent l’hypothèse suggérant que les enzymes digestives gastriques 
sont différentiellement régularisées in vivo (Ménard et al., 1995) et in vitro 
(Tremblay et al., 1997; Basque et Ménard, 2000).
Les laminines sont des composantes majeures de la lame basale et celles-ci 
promouvoient l’adhésion cellulaire, la migration, la prolifération et la 
différenciation (Paulsson, 1992; Engvall 1993; Vachon et al., 1996). La lame 
basale, tout comme le Matrigel, renferme plusieurs facteurs de croissance incluant 
le TGFpi (Vukicevic et al., 1992; Kingsley, 1994). Comparativement à d’autres 
facteurs sécrétés, on considère le TGF01 comme l’un des plus important 
régulateur d’interactions cellule-matrice extracellulaire (Spom et Roberts, 1992).
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Des travaux ont indiqué que le TGF(51 pourrait agir comme régulateur 
physiologique au cours de la morphogenèse (Silberstein et al., 1992) ainsi que 
durant la différenciation épithéliale (Hafez et al., 1990) en induisant la polarisation 
cellulaire (Spom et Roberts, 1992). De plus, quelques études ont révélé 
l’existence d’une coopération entre la laminine-1/10 (LN-1/10) et les hormones 
dans la régulation de l’expression génique tissu-spécifique (Streuli et al., 1991; 
Hoffinan et al., 1996). Cependant, l’implication directe des composantes de la 
matrice extracellulaire dans le maintien de la différenciation fonctionnelle des 
cellules principales humaines n’a jamais été démontrée. L’utilisation de notre 
nouveau système de culture primaire de cellules épithéliales gastriques nous a 
donc permis d’examiner la contribution des constituants de la matrice 
extracellulaire dans la régulation de l’expression de la lipase gastrique.
La laminine-1 et le TGFfll représentent les constituants majeurs du 
Matrigel (Vukicevic et al., 1992; Timpl et Brown, 1994). De plus, plusieurs 
travaux ont rapporté un potentiel régulateur de LN-1 sur l’expression des enzymes 
de la bordure en brosse au niveau des cellules intestinales (Hahn et al., 1990; 
Vachon et Beaulieu, 1995; Sanderson et al., 1996; Basson et al., 1996). Compte 
tenu de la récente démonstration d’une distribution différentielle des laminines 
(LN-1/10 et LN-2) le long de l’axe foveolus-glande (Tremblay et Ménard, 1996; 
Basque et Ménard, 2000), nous avons étudié l’implication possible de ces 
composantes dans la réponse de HGL induite suite au traitement avec le Matrigel.
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L’ajout de laminines (LN-1/10 et/ou LN-2) ou de TGFJ31 à des cultures primaires 
de cellules épithéliales gastriques résulte en une légère augmentation des niveaux 
de HGL en début de culture comparativement au collagène-I. Cette variation 
pourrait être reliée à la régulation différentielle de la cadhérine-E puisque le 
collagène-I réprime fortement l’expression de cette protéine jonctionnelle. 
Cependant, dans ces conditions (LNs ou TGF($1 seul), les cultures primaires 
forment une monocouche dépolarisée où l’on observe une réduction significative 
des niveaux de HGL après cinq jours de culture. Ces données indiquent 
clairement que les laminines ou le TGF01 utilisés de façon individuelle ne 
permettent pas un maintien de l’expression de HGL. Par contre, l’ajout simultané 
de laminines (LN-1 et/ou LN-2) et du TGFpl résulte en un maintien du phénotype 
polarisé des cellules épithéliales, caractérisé par la présence de structures 
organoïdes compactes. Ces conditions favorisent une distribution adéquate de la 
cadhérine-E des jonctions apicales et maintiennent l’appareil sécréteur fonctionnel 
au niveau des cellules principales. Finalement, la présence combinée de LNs et 
TGFpi provoque aussi une augmentation drastique des niveaux de protéines et de 
messagers HGL comparativement au Matrigel, reflétant possiblement la nature 
purifiée de ces ligands. Il est important de noter que les formes variantes des 
laminines (LN-1/10 et LN-2) ainsi que leur combinaison exercent des effets 
similaires sur la morphologie et l’expression de HGL. Ceci suggère fortement que 
dans notre système, les différences dans leurs structures secondaire ou tertiaire
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n’amènent aucune répercussion significative sur la bioactivité des laminines. Ce 
phénomène démontre sans équivoque l’implication directe d’un facteur de 
croissance et de la matrice extracellulaire dans la différenciation épithéliale 
(Hoffman et al., 1996). Nos résultats ont permis de démontrer que l’intégrité 
morphologique et fonctionnelle des cellules principales gastriques humaines 
requiert l’action synergique des laminines et du TGFf31. Finalement, nos résultats 
suggèrent que la régulation des fonctions digestives serait coordonnée par une 
balance délicate de facteurs inducteurs ou répresseurs considérant que EGF 
régularise négativement l’expression de HGL de ces mêmes cultures primaires 
(Chapitre V).
Il est maintenant bien établi que les composantes de la matrice 
extracellulaire, plus spécifiquement les laminines, modulent les fonctions 
cellulaires épithéliales suite aux interactions avec leurs récepteurs intégrines 
appropriés (Beaulieu, 1997; Beaulieu 1999). Nous avons démontré une 
redistribution subcellulaire basale de l’intégrine oc2(31 dans la portion inférieure 
des glandes gastriques (Basque et Ménard, 2000). Ces données suggéraient que 
cette intégrine pourrait assumer un rôle clé dans la différenciation et/ou le 
maintien des types cellulaires glandulaires, et plus spécifiquement pour les cellules 
principales considérant que l’expression de la sous unité a2 est absente dans la 
lignée pariétale (chapitre II). Le concept élaboré ci-haut est supporté par le fait 
que l’addition d’un anticorps neutralisant dirigé contre la sous-unité a2 inhibe
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fortement la production de messagers HGL en culture. Dans la littérature, 
plusieurs évidences ont démontré que les signaux intracellulaires induits par les 
hormones, les facteurs de croissance ainsi que les ligands des récepteurs intégrines 
exercent leur coopération sur les réponses cellulaires via une régulation 
convergente des cascades MAPK (Aplin et al., 1999; Coppolino et Dedhar, 2000). 
Dans des lignées cellulaires intestinales, des auteurs ont rapporté que le TGF(51 
pouvait stimuler spécifiquement la cascade des p42/44MAPK (Levy et al., 1998; Yu 
et al., 1999) alors que celui-ci pouvait activer les p38oc/(3MAPK dans des cultures de 
cellules gastriques (Keates et al., 1999). D’autres travaux récents ont démontré 
que la présence de laminines (LNs) ou de TGFpi pouvait conjointement mener à 
l’activation des p42/44MAPK (Hartsough et Mulder, 1997; Danen et al., 1998; Short 
et al., 2000). L’importance de ces fonctions MAPK a aussi été récemment mise en 
évidence dans la physiologie gastrique. En effet, nous avons démontré que la 
dérégulation du niveau d’activité basai des MAPKs p42 et p44 par les mitogènes 
EGF et TGFa est en partie responsable de l’inhibition de l’expression de HGL 
(Chapitre I). Dans nos cultures primaires de cellules épithéliales gastriques, 
l’addition de l’inhibiteur spécifique de la cascade p42/44MAPK, le PD98059 
(Dudley et al., 1995), provoque une réduction significative des niveaux de 
messagers HGL suite à l’effet stimulateur de la combinaison de LNs/TGFpl. De 
plus, cette réduction a été plus importante en présence de l’inhibiteur des MAPKs 
p38a/p, le SB203580 (Lee et al., 1994). Il est important de noter que la présence
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simultanée des deux inhibiteurs bloque complètement cet effet inducteur de 
LNs/TGFpi. De toute évidence, ces données indiquent que l’activation parallèle 
de ces deux voies MAPK est nécessaire pour une régulation optimale de 
l’expression génique de HGL dans les cellules principales. Une coopération 
similaire a préalablement été observée dans des myoblastes (Wu et al., 2000). 
Dans ce modèle, l’activité MAPK p42/44 ainsi que p38 sont requises afin 
d’activer la transcription myogénique et la croissance hypertrophique des 
myotubes. Le présent travail nous a donc permis d’établir que la polarisation 
cellulaire et la régulation des fonctions digestives des cellules épithéliales 
gastriques requièrent l’action synergique des laminines de la lame basale et du 
facteur transformant beta-1. De plus, la régulation à la hausse de l’expression 
génique de HGL induite par la combinaison LNs/TGF(31 résulte d’une 
signalisation intracellulaire amorcée par l’intégrine <x2|31 impliquant à la fois les 
cascades MAPK p42/44 et p38.
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VIII-CONCLUSIONS ET PERSPECTIVES
Cette recherche nous a permis de réaliser des progrès significatifs et 
d’établir de nouveaux concepts concernant la régulation des fonctions digestives 
de la muqueuse gastrique humaine.
Nos travaux sur la caractérisation de quatre lignées de cellules cancéreuses 
nous ont permis d’établir le maintien d’une certaine capacité de synthèse des 
enzymes digestives par les cellules cancéreuses en général mais surtout de mettre 
en évidence le potentiel des cellules NCI-N87 comme modèle cellulaire. 
Cependant compte tenu de l’hétérogénéité de la population, il faudrait procéder à 
une stratégie de clonage afin de générer une population homogène de cellules 
exprimant des jonctions serrées et des granules zymogènes. Ce modèle pourrait 
également s’avérer très intéressant pour disséquer les mécanismes impliqués lors 
de l’infection à Helicobacter pylori et dans les phénomènes de restitution 
épithéliale gastrique.
Comme en font foi les résultats obtenus, la mise en place d’un nouveau 
modèle de culture primaire de cellules épithéliales gastriques normales ne 
nécessitant pas la présence de matrice biologique représente une percée majeure 
pour l’étude des fonctions de l’épithélium gastrique humain. Cependant, nos 
efforts devront continuer afin de trouver une lignée cellulaire pouvant permettre de 
réaliser, sur une grande échelle, des études sur les mécanismes moléculaires. La 
disponibilité de tissus fœtaux constituera toujours une limitation majeure.
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L’étude exhaustive en immunofluorescence sur la présence et la distribution 
spécifique des intégrines et des laminines a généré de nouvelles données et 
plusieurs hypothèses de travail. En effet, nos travaux suggèrent que l’intégrine 
a6(31 serait possiblement impliquée dans un phénomène cellulaire ubiquiste 
opérant le long de l’axe foveolus-glande (ex: migration) alors que la distribution 
restreinte des intégrines ct3pi et ct6(34 serait plutôt reliée à la différenciation des 
cellules mucigéniques des compartiments de surface et fovéolaires. Finalement, 
nos travaux ont mis en évidence une distribution cellulaire précise mais complexe 
pour l’intégrine <x2J31 vers la base des glandes; celle-ci pourrait donc être associée 
à la différenciation et/ou au maintien du phénotype glandulaire différencié. Grâce 
à la disponibilité de notre nouveau modèle de culture primaire ainsi que de la 
lignée NCI-N87, la vérification de l’ensemble de ces hypothèses sera certainement 
réalisable.
L’utilisation de la culture organotypique d’expiants gastriques nous a 
permis de démontrer que la régulation négative de l’activité lipase exercée par 
EGF résulte d’une modulation au niveau des ARNm impliquant la voie des 
p42/44MAPK. Ces observations suggèrent que la stimulation ou l’inhibition des 
p42/p44 au-dessus ou en-dessous d’un seuil critique d’activité pourrait réguler de 
façon négative des processus moléculaires qui requièrent une certaine activité 
MAPK. L’utilisation d’explants gastriques constitue cependant un facteur limitant
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pour l’étude expérimentale des mécanismes cellulaires et moléculaires impliqués 
compte tenu de la très grande hétérogénéité cellulaire retrouvée au niveau du tissu.
Finalement, l’utilisation de la culture primaire nous a permis de mettre en 
évidence un synergisme entre les laminines de la lame basale et le TGF(31 dans le 
maintien du statut polarisé des cellules principales et dans la régulation et 
l’expression de la lipase gastrique humaine. Ce synergisme implique l’intervention 
de l’intégrine oc2pi et les voies p42/44 et pSS1^ ^ .  Cependant, il faudrait 
également analyser l’implication possible d’autres sous-unités intégrines et 
d’autres constituants de la lame basale. Ce système devrait permettre également 
d’élucider le rôle et le mécanisme d’action du facteur de croissance des 
kératinocytes (KGF). En effet le système KGF (récepteur et ligand) représenterait 
une voie paracrine importante capable de stimuler la prolifération cellulaire dans 
tous les segments du tube digestif foetal humain et de moduler de façon 
différentielle les fonctions digestives (Chailler et al., 2000).
L’ensemble de notre travail a donc permis d’énoncer de nouveaux concepts 
et de jeter les bases pour continuer a progresser vers l’établissement d’un concept 
global sur les mécanismes régulateurs des fonctions épithéliales gastriques 
humaines dans des situations physiologiques et pathologiques.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
56
IX-REMERCIEMENTS
Je tiens avant tout à remercier mon directeur de recherche, le Dr Daniel 
Ménard qui par ses nombreuses qualités tant humaines que scientifiques, m’a 
permis de mener ce travail à terme. Ses judicieux conseils, son appui 
inconditionnel ainsi que son esprit critique ont su développer en moi un plein 
potentiel scientifique. Je lui dois, sans aucune réserve, tout mon respect et ma 
profonde gratitude.
Je désire également remercier les docteurs Jean-François Beaulieu et 
Nathalie Rivard pour leur disponibilité, leurs précieux conseils et les nombreuses 
discussions formatives, tant amicales que scientifiques, que nous avons 
entretenues.
Je tiens à remercier affectueusement les Drs Pierre Chailler, Éric Tremblay 
ainsi que Mme Lina Corriveau qui ont fait de mon séjour dans le laboratoire une 
expérience aussi agréable que productive. Ma reconnaissance est plus importante 
que n’en témoigne c’est quelques lignes.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
57
Je voudrais aussi remercier mes parents Roland et Rachel ainsi que mes 
sœurs Valérie et Marie-Hélène. Par leur encouragement constant, leur appui et 
leur soutien moral, ils ont facilité le cheminement et l’accomplissement de ce 
travail.
Finalement je tiens à remercier tout le corps professoral, les techniciens, 
ainsi que les étudiants et secrétaires du département d’Anatomie et de Biologie 
cellulaire pour leur appui et leur camaraderie.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
58
X-BIBLIOGRAPHIE
Abrams CK, Hamosh M, Dutta SK, Hubbard VS, Hamosh P. Rôle of 
nonpancreatic lipolysis activity in exocrine pancreatic insufficiency. 
Gastroenterology 1987; 92: 125-129.
Aggeler J, Ward J, Mackenzie Blakie L, Barcellos-Hoff MH, Streuli CH, Bissel 
MJ. Cytodifferentiation of mouse mammary épithélial cells cultured on a 
reconstituted basement membrane reveals striking similarities to development in 
vivo. J Cell Sci 1991; 99:407-417.
Aplin AE, Short SM, Juliano RL. Anchorage-dependent régulation of the mitogen- 
activated protein kinase cascade by growth factors is supported by a variety of 
integrin alpha chains. J Cell Biol 1999; 274: 31223-31228.
Ardini E, Tagliabue E, Magnifico A, Buto S, Castronovo V, Sobel ME, Colnaghi 
MI, Menard S. Co-regulation and physical association of the 67-kDa monomeric 
laminin-receptor and the a6b4 integrin. J Biol Chem 1997; 272: 2342-2345.
Arnold R, Frank M, Simon B, Eissele R, Koop H. Adaptation and renewal of the 
endocrine stomach. Scand J Gastroenterol 1992; 193: 20-27.
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
59
Barchellos-Hoff MH, Aggeler J, Ram TG, Bissel MJ. Functional différentiation 
and alveolar morphogenesis of primary mammary cultures on reconstituted 
basement membrane. Development 1989; 105: 223-235.
Bamard JA, Lyons RM, Moses HL. The cell biology of transforming growth 
factorbeta. Biochim Biophys Acta 1990; 1032 : 79-87.
Basque JR, Ménard D. Establishment of culture Systems of human gastric 
épithélium for the study of pepsinogen and gastric lipase synthesis and sécrétion. 
Micr Res Tech 2000; 48:293-302.
Basson MD, Modlin IM, Madri JA. Human enterocyte (Caco-2) migration is 
modulated in vitro by extracellular matrix composition and epidermal growth 
factor. J Clin Invest 1992; 90: 15-23.
Basson MD, Turowski G, EmenakerNJ. Régulation of human (Caco-2) intestinal 
épithélial cell différentiation by extracellular matrix proteins. Exp Cell Res 1996; 
225: 301-305.
Bartman AE, Buisine MP, Aubert JP, Niehans GA, Toribara NW, Kim YS, Kelly 
EJ, Crabtree JE, Ho SB. The MUC6 secretory mucin gene is expressed in a wide 
variety of épithélial tissues. J Pathol. 1998; 186: 398-405.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
60
Baudoin C, Goumans MJ, Mummery C, Sonnenberg A. Knockout and knockin of 
the betal exon D define distinct rôle for integrin splice variants in heart fonction 
andembryonic development. Genes Dev 1998; 12: 1212-1216.
Beaulieu JF. Differential expression of the VLA family of integrins along the 
crypt-villus axis in the human small intestine. J Cell Sci 1992; 102: 427-436.
Beaulieu JF, Vachon PH. Reciprocal expression of laminin A chain isoforms 
along the crypt-villus axis in the human small intestine. Gastroenterology 1994; 
106: 829-839.
Beaulieu JF. Extracellular matrix components and integrins in relationship to 
human intestinal épithélial cell différentiation. Prog Histochem Cytochem 1997; 
31: 1-78.
Beaulieu JF. Integrins and human intestinal cell fonctions. Front Biosci 1999; 15: 
D310-21.
Beck K, Hunter I, Engel J. Structure and fonction of laminin: anatomy of a 
multidomain glycoprotein. FASEB J 1990; 4: 148-160.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
61
Belkin AM, Stepp MA. Integrins as receptors for laminins. Micros Res Tech 2000; 
51:280-301.
Berdichevsky F, Gilbert C, Shearer M, Taylor-Papadimitriou J. Collagen-induced 
rapid morphogenesis of human mammary épithélial cells: rôle of the <x2pi 
integrin. 1992; 102:437-446.
Bissell MJ, Aggeler J. Dynamic reciprocity: How do extracellular matrix and 
hormomes direct gene expression? Prog Clin Biol Res 1987; 249: 251-262.
Bodmer MW, Angal S, Yarranton GT, Harris TJR, Lyons A, King DJ, Pieroni G, 
Rivière C, Verger R, Lowe PA. Molecular cloning of a human gastric lipase and 
expression of the enzyme in yeast. Biochim Biophys Acta 1987; 909: 237-244.
Boland CA, Kraus ER, Scheiman JM, Black C, Deshmukh GD, Dobbins WO. 
Characterization of mucous cell synthetic fonctions in a new primary canine 
gastric mucous cell culture System. Am J Physiol 1990; 258: G774-787.
Boudreau N, Sympson CJ, Werb Z, Bissell MJ. Suppression of ICE and apoptosis 
in mammary épithélial cells by extracellular matrix. Science 1995; 267: 891-893.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
62
Byrd JC, Yan P, Stemberg L, Yunker CK, Scheiman JM, Bresalier RS. Aberrant 
expression of gland-type gastric mucin in the surface épithélium of helicobacter 
pylori-infected patients. Gastroenterology 1997; 113: 455-464.
Calderwood DA, Tuckwell DS, Eble J, Kuhn K, Humphries MJ. The integrin 
alphal A-domain is a ligand binding site for collagen and laminin. J Biol Chem 
1997; 272: 12311-12317.
Carey MC, Small DM, Blis CM. Fat digestion and absorption. Annu Rev Physiol 
1983; 45: 651-677.
Carpenter G. Epidermal growth factor is a major growth promoting agent in 
human milk. Science 1980; 210: 198-199.
Carrière F, Raphel V, Moreau H, Bemadac A, Devaux MA, Grimaud R, 
Barrowman JA, Bénicourt C, Junien JL, Laugier R, Verger R. Dog gastric lipase: 
stimulation of its sécrétion and in vivo and cytolocalization in mucous pit cells. 
Gastroenterology 1992; 102: 1535-1545.
Carrière F, Barrowman JA, Verger R, Laugier R. Sécrétion and contribution to 
lypolysis of gastric and pancreatic lipases during a test meal in humans. 
Gastroenterology 1993; 105: 876-888.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
63
Carrière F, Renou C, De Caro J, Ferrato F, Lengstfeld H, De Caro A, Laugier R, 
Verger R. The spécifie activities of human digestive lipases measured from the in 
vivo and in vitro lipolysis of test meals. Gastroenterology 2000; 119: 949-960.
Carroll KM, Wong TT, Brabik DL, Chang EB. Différentiation of rat intestinal 
épithélial cells by extracellular matrix. Am J Physiol 1988; 254: G355-G360.
Carter WG, Wayner EA, Bouchard TS, Kaur P. The rôle of integrins cc2pl and 
cc3(îl in cell-cell and cell-substrate adhésion of human epidermal cells. J Cell Biol 
1990; 110: 1387-1404.
Carvalho F, David L, Aubert JP, Lopez-Ferrer A, De Bolos C, Reis CA, Gartner F, 
Peixoto A, Alves P, Sobrinho-Simoes M. Mucins and mucin-associated 
carbohydrate antigens expression in gastric carcinoma cell lines. Virchows Arch 
1999; 435: 479-485.
Chailler P, Ménard D. Ontogeny of EGF receptors in the human gut.
Front Biosci. 1999;4: D87-D101.
Chailler P, Basque JR, Corriveau L, Ménard D. Functional characterization of the 
kératinocyte growth factor System in human fetal gastrointestinal tract. Pediatr 
Res. 2000;48: 504-510.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
64
Chakrabarty S. Régulation of human colon carcinoma cell adhésion to 
extracellular matrix by transforming growth factor-betal. Int J Cancer 1992; 50: 
968-973.
Chan BM, Matsuura N, Takada Y, Zetter BR, Hemler ME. In vitro and in vivo 
conséquences of VLA-2 expression of rhabdomyosarcoma cells. Science 1991; 
251: 1600-1602.
Chew CS, Hershey SJ. Gastrin stimulation of isolated gastric glands. Am J Physiol 
1982; 240: G504-512.
Chew CS. Pariétal cell cultures: new models and directions. Anne Rev Physiol 
1994; 56: 445-461.
Chia CM, Winston RMI, Handyside AH. EGF, TGF-alpha and EGFR expression 
in human preimplantation embryos. Development 1995; 121: 299-307.
Clark EA, Hynes RO. Ras activation is necessary for integrin-mediated activation 
of extracellular signal-regulated kinase 2 and cytosolic phospholipase A2 but not 
cytoskeletal organization. J Biol Chem 1996; 271: 14814-14818.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
65
Colognato H, Winkelmann DA, Yurchenco PD. Laminin polymerization induces a 
receptor-cytoskeleton network. J Cell Biol 1999; 145: 619-631.
Coppolino MG, Dedhar S. Bi-directional signal transduction by integrin receptors. 
Int J Biochem Cell Biol 2000; 32: 171-188.
Danen EH, Lafrenie RM, Miyamoto S, Yamada KM. Integrin signaling: 
cytoskeletal complexes, MAP kinase activation, and régulation of gene expression. 
Cell Adhes Commun 1998; 6: 217-224.
De Bolos C, Garrido M, Real FX. MUC6 apomucin shows a distinct normal tissue 
distribution that correlates with Lewis antigen expression in the human stomach. 
Gastroenterology 1995; 109: 723-734.
Defize J, Pals G, Westerveld BD, Frants RR, Meuwissen SG, Eriksson AW. 
Pepsinogen synthesis and sécrétion in isolated gastric glands. Biochem Pharmacol 
1984; 34: 3693-3699.
Defize J, Hunt RH. Pepsinogen sythesis and sécrétion in canine chief cell 
monolayers. Gastroenterology 1986; 90: 1391-1400.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
66
DeFreitas MF, Yoshida CK, Frazier WA, Mendrick DL, Kypta RM. Reichardt LF. 
Identification of integrin a3pi as a neuronal thrombospondin receptor mediating 
neurite outgrowth. Neuron 1995; 15: 333-343.
De Melker AA, Sonnenberg AA. Integrins: alternative splicing as a mechanism to 
regulate ligand binding and integrin signaling events. Bioessays 1999; 21: 499- 
509.
DeNigris SJ, Hamosh M, Kasbekar DK, Fink CS, Lee TC, Hamosh P. Sécrétion of 
human gastric lipase from dispersed gastric glands. Biochim Biophys Acta 1985; 
836: 67-72.
Descroix-Vagne M, Perret JP, Daoud-el Baba M, Bosshard A, Dechelette MA, 
Gros I, Desvigne A, Rakotomalala H. Variation of gastric lipase sécrétion in the 
Heidenhain pouch of the cat. Arch Int Phy Biochem Biophys 1992; 101: 79-85.
Donaldson RM, Kapadia CR. Organ culture of gastric mucosa: advantages and 
limitations. Methods in Cell Biol 1980; 21B: Académie Press Inc, NY.
Dudley DT, Pang L, Deeker SJ, Bridges AJ, Saltiel AR. A synthetic inhibitor of 
the mitogen-activated protein kinase cascade. Proc Natl Acad Sci USA 1995; 92: 
7686-7689.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
67
Durkin ME, Gautam M, Loechel F, Sanes JR, Merlie JP, Albrechtsen R, Wewer 
UM. Structural organization of the human and mouse laminin cc2 chain genes and 
alternative splicing at the 5’ end of the human transcript. J Biol Chem 1996; 271: 
13407-13416.
Eble JA, Wucherpfennig KW, Gauthier L, Dersch P, Krukonis E, Isberg RR, 
Hemler ME. Recombinant soluble human a3(51 integrin: purification, processing, 
régulation, and spécifie binding to laminin-5 and invasin a mutually exclusive 
manner. Biochemistry 1998; 37: 10945-10955.
Ekblom M, Falk M, Salmivirta K, Durbeej M, Ekblom P. Laminin isoforms and 
épithélial development. AnnNY Acad Sci 1998; 857:194-211.
Engel J. Laminins and other strange proteins. Biochemistry 1992; 31: 10643- 
10651.
Engvall E. Laminin variants: why, where and when? Kidney Int 1993; 43: 2-6.
Finks CS, Hamosh M, Hamosh P, Denigris SJ, Kasbekar DK. Lipase sécrétion 
from dispersed rabbit gastric glands. Am J Physiol 1985; 248: G68-72.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
68
Fujiwara Y, Arakawa T, Fukuda T, Higuchi K, Kobayashi K, Tamawski A. Rôle 
of extracellular matrix in attachment, migration and repair of wounded rabbit 
cultured gastric cells. J Clin Gastroenterol 1995; 21: S125-130.
Fukamachi H, Ichinose M, Ishihama S, Tsukada S, Yasugi S, Shiokawa K, 
Furihata C, Yonezawa S, Miki K. Fetal rat glandular stomach épithélial cells 
differentiate into surface mucous cells which express cathepsin E in the absence of 
mesenchymal cells inprimary culture. Gastroenterology 1994; 56: 83-89.
Galliano MF, Aberdam D, Aguzzi A, Ortonne JP, Meneguzzi G. Cloning and 
complété primary structure of the mouse laminin a3 chain. Distinct expression 
pattem of the laminin ct3A and a3B chain isoforms. J Biol Chem 1995; 270: 
21820-21827.
Gargouri Y, Pieroni G, Rivière C. Lowe PA, Saunière JF, Sarda L, Verger R. 
Importance of human gastric lipase for intestinal lipolysis: an in vitro study. 
Biochi Biophys Acta 1986; 879: 419-423.
Giancotti FG. Complexity and specificity of integrin signalling. Nat Cell Biol 
2000; 2: E13-E14.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
69
Goumans MJ, Zwijsen A, van Rooijen MA, Huylebroeck D, Roelen BA, 
Mummery CL. Transforming growth factor-beta signalling in extra-embryonic 
mesoderm is required for yolk sac vasculogenesis in mice. Development 1999; 
126: 3473-3483.
Grand RJ, Watkins JB, Torti FM. Development of the human gastrointestinal tract: 
a review. Gastroenterology 1976; 70: 790-810.
Gregory H, Walsh S, Hopkins CR. The identification of urogastrone in semm, 
saliva and gastric juice. Gastroenterology 1979; 77: 313-318.
Guo YS, Beauchamp DR, Jin GF, Towsend CM, Thompson JC. Insulinlike growth 
factor-binding protein modulâtes the growth response to insulinlike growth factor 
1 by human gastric cancer cells. Gastroenterology 1993; 104: 1595-1604.
Hafez MM, Infante D, Winawer S, Friedman E. Transforming growth factor beta 1 
acts as an autocrine-negative growth regulator in colon enterocytic différentiation 
butnot in goblet cell maturation. Cell Growth Devel 1990; 1: 617-626.
Hamosh M, Scanlon JW, Ganot D, Likel M, Scanlon KB, Hamosh P. Fat digestion 
in the newbom: characterization of lipase in gastric aspirâtes of prématuré and 
term infants. J Clin Invest 1981; 67: 838-846.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
70
Hahn U, Stallmach A, Hahn EG, Riecken EO. Basement membrane components 
are potent promoters of rat intestinal épithélial différentiation in vitro. 
Gastroenterology 1990; 98: 322-335.
Hartsough MT, Mulder KM. Transforming growth factor-beta signaling in 
épithélial cells. Pharmacol Ther 1997; 75: 21-41.
Hattori Y, Odigiri H, Nakatani H, Miyagawa K, Naito K, Sakamoto H, Katoh 0, 
Yoshida T, Sugimura T, Terada M. K-sam, an amplified gene in stomach cancer, 
is a member of the heparin-binding growth factor receptor genes. Proc Natl Acad 
Sci USA 1990; 87: 5983-5987.
Heim HC, Piller M, Schwede J, Kilian P, Netz-Piepenbrink S, Sewing KF. 
Pepsinogen synthesis during long-term culture of porcrine chief cells. Biochem 
Biophys Acta 1997; 1359: 35-47.
Heitz PU, Kasper M, Van Noorden S, Polak JM, Gregory H, Pearse AGE. 
Immunohistochemical localisation of urogastrone to human duodenal and 
submandibular glands. Gut 1978; 19:408-413.
Helander HF. The cells of the gastric mucosa. Int Rev Cytol 1981; 70: 217-289.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
71
Heldin CH, Miyazono K, ten Dijke P. TGF-beta signalling form cell membrane to 
nucléus through SMAD proteins. Nature 1997; 390:465-471.
Ho SB, Roberton AM, Shekels LL, Lyftogt CT, Niehans G A, Toribana NW. 
Expression cloning of gastric mucin complementary DNA and localization of 
mucin gene expression. Gastroenterology 1995; 109: 735-747.
Hoffinan MP, Kibbey MC, Letterio JJ, Kleinman HK. Rôle of laminin-1 and TGF- 
(53 in acinar différentiation of a human submandibular gland cell line (HSG). J 
Cell Sci 1996; 109: 2013-2021.
Hogan BLM. Bone morphogenetic proteins: multifïinctional regulators of 
vertebrate development. Genes Dev 1996; 10: 1580-1594.
Hsieh MC, Wu CW, Wu LH, Lui WY, Peng FK, Yu CL. Heat shock and 
cytokines modulate the expression of adhésion molécules on différent human 
gastric cancer cell lines. Int J Cancer 1996; 67: 690-694.
Humphries MJ. The molecular basis of specificity of integrin-ligand interactions. J 
Cell Sci 1990; 97: 585-592.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
72
Hynes RO. Integrins: versatility, modulation and signaling in cell adhésion. Cell 
1992; 69: 11-25.
Hynes RO. Cell adhésion: old and new questions. Trends Cell Biol 1999; 9: M33- 
M37.
Jawhari AU, Noda M, Farthing MJ, Pignatelli M. Abnormal expression and 
fimction of the E-cadherin-catenin complex in gastric carcinoma cell lines. 1999; 
80: 322-330.
Jonhson LR. Functional development of the stomach. Ann Rev Physiol 1985; 47: 
199-215.
Juliano RL, Haskill S. Signal transduction ffom the extracellular matrix. J Cell 
Biol 1993; 120: 577-585.
Kainulainen T, Hakkinen L, Hamidi S, Larjava K, Kallioinen M, Peltonen J, Salo 
T, Laijava H, Oikarinen A. Laminin-5 expression is independent of the injury and 
the microenvironment during reepithelization of wounds. J Histochem Cytochem 
1998; 46: 353-360.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
73
Karam SM, Leblond CP. Dynamics of épithélial cells in the corpus of the mouse 
stomach: I. Identification of proliferative cell types and pinponting of the stem 
cell. AnatRec 1993a; 236: 259-279.
Karam SM, Leblond CP. Dynamics of épithélial cells in the corpus of the mouse 
stomach. II. Outward migration of pit cells. Anat Rec 1993b; 236: 280-296.
Karam SM, Leblond CP. Dynamics of épithélial cells in the corpus of the mouse 
stomach. III. Inward migration of neck cells followed by progressive 
transformation into zymogenic cells. Anat Rec 1993c; 236: 297-313.
Karam SM, Leblond CP. Dynamics of épithélial cells in the corpus of the mouse 
stomach. IV. Bidirectional migration of pariétal cells ending in their graduai 
dégradation and loss. Anat Rec 1993d; 236: 314-332.
Karam SM. New insights into the stem cells and the precursors of the gastric 
épithélium. Nutrition 1995; 11: 607-613.
Karam SM, Li Q, Gordon JI. Gastric épithélial morphogenesis in normal and 
transgenic mice. Am J Physiol 1997; 272 : G1209-G1220.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
74
Karam SM. Lineage commitment and maturation of épithélial cells in the gut. 
Front Biosci 1999; 4: d286-d298.
Kasbekar DK, Jensen RT, Gardner JD. Pepsinogen sécrétion from dispersed 
glands from rabbit stomach. 1983; 244: G392-396.
Kasselberg AG, Orth DN, Gray ME, Stahlman MT. Immunocytochemical 
localisation of human epidermal growth factor/urogastrone in several human 
tissues. J Histochem Cytochem 1985; 33: 313-322.
Keates S, Keates AC, Wamy M, Peek RM Jr, Murray PG, Kelly CP. Differential 
activation of mitogen-activated protein kinases in AGS gastric épithélial cells by 
cag+ and cag' Helicobacter pylori. J Immunol 1999; 163: 5552-5559.
Keely PJ, Fong AM, Zutter MM, Santoro SA. Altération of collagen-dependent 
adhésion, motility, and morphogenesis by the expression of antisens <x2 integrin 
mRNA in mammary cells. J Cell Sci 1995; 108: 595-607.
Kelly EJ, Newell SJ, Brownlee KG, Primrose JN, Dear PR. Gastric acid sécrétion 
in preterm infants. Early Hum Dev 1993; 35: 215-220.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
75
Kelly EJ, Brownlee KG. When is the fétus first capable of gastic acid, intrinsic 
factor and gastrin sécrétion? Biol Neonate 1993; 63: 153-156.
Kingsley DM. The TGFb superfamily: new members, new receptors and new 
genetic tests of fonction in différent organisms. Genes Dev 1994; 8: 133-146.
Konturek JW, Brzozowski T, Konturek SJ. Epidermal growth factor in protection, 
repair and healing of gastroduodenal mucosa. J Clin Gastroenterology 1991; 13: 
S88-S97.
Konturek SJ, Bielanoki W, Konturek JW, Oleksy J, Yamazaki J. Release and 
action of epidermal growth factor on gastric sécrétion in humans. Scand J 
Gastroenterol 1989; 24:485-492.
Korang K, Christiano AM, Uitto J, Mauviel A. Differential cytokine modulation 
of the genes LAMA3, LAMB3, LAMC2, encoding the constitutive polypeptides, 
alpha3, beta3, gamma2 of the human laminin 5 in epidermal kératinocytes. FEBS 
Lett 1995; 368: 556-558.
Kuhn K, Eble J. The structural basis of integrin ligand interactions. Trends Cell 
Biol 1994; 4: 256-261.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
76
Kumar NM, Sigurdson SL, Sheppard D, Lwebuga-Mukasa JS. Differential 
modulation of integrin receptors and extracellular matrix laminin by transforming 
growth factor-beta 1 in rat alveolar épithélial cells. Exp Cell Res 1995; 221: 385- 
394.
Lee J, Simpson G, Scholes P. An ATPase from dog gastric mucosa: changes of 
outer pH in suspensions of membrane vesicles accompanying ATP hydrolysis. 
Biochem Biophys Res Commun 1974; 60: 825-832.
Lee JC, Laydon JT, McDonnel PC, Gallager TF, Kumar S, Green D, McNulty D, 
Blumenthal MJ, Heys JR, Landvatter SW. A protein kinase involved in the 
régulation of inflammatory cytokine biosynthesis. Nature 1994; 372: 739-746.
Lee PC, Borysewicz R, Struze M, Raab K, Werlin ET. Development of lypolytic 
activity in gastric aspirâtes from prématuré infants. J Pediatr Gastroenterol 1993; 
17: 291-297.
Levy P, Robin H, Komprobst M, Capeau J, Cherqui G. Enterocytic différentiation 
of the human Caco-2 cell line correlates with altérations in integrin signaling. J 
Cell Physiol 1998; 177: 618-627.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
77
Lin CQ, Dempsey PJ. Coffey RJ, Bissell MJ. Extracellular matrix régulâtes whey 
acidic protein gene expression by suppression of TGF-alpha in mouse mammary 
épithélial cells: studies in culture and in transgenic mice. J Cell Biol 1995; 129: 
1115-1126.
Liu SI, Lui WY, Mok KT, Wu CW, Chi CW. Effect of hepatocyte growth factor 
on cell cycle and c-met expression in human gastric cancer cells. Anticancer Res 
1997; 17: 3575-3580.
Lorenz RG, Gordon JI. Use of transgenic mice to study régulation of gene 
expression in the pariétal cell lineage of gastric units. J Biol Chem 1993; 268: 
26559-26570.
Lussier C, Basora N, Bouatrouss Y, Beaulieu JF. Integrins as mediators of 
épithélial cell-matrix interactions in the human small intestinal mucosa. Microsc 
Res Tech 2000; 51: 169-178.
Mahara K, Kato J, Terni T, Takimoto R, Horimoto M, Murakami T, Mogi Y, 
Watanabe N, Kohgo Y, Niitsu Y. Br J Cancer 1994; 69: 777-783.
Matuoka K, Tanaka M, Mitsui Y, Murota SI. Cultured rabbit gastric épithélial 
cells producing prostaglandin I2. Gastroenterology 1983; 84:498-505.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
78
Ménard D. Growth promoting factors and the development of the human gut. 
1989; Lebenthal E, editor. Human gastrointestinal development. Raven Press, NY.
Ménard D, Arsenault P. Cell prolifération in the developing human stomach. Anat 
Embryol 1990; 182: 509-516.
Ménard D, Arsenault P. Maturation of human fetal stomach in organ culture. 
Gastroenterology 1993; 104: 492-501.
Ménard D, Monfils S, Tremblay E. Ontogeny of human gastric lipase and 
pepsinogen activities. Gastroenterology 1995; 108: 1650-1656.
Mercurio AM. Laminin receptors: achieving specificity through coopération. 
Trends Cell Biol 1995; 5:419-424.
Miyazono K, ten Dijke P, Yamashita H, Heldin CH. Signal transduction via 
serine/threonine kinase receptors. Semin Cell Biol 1994; 5: 389-398.
Miyazono K. Positive and négative régulation of TGF-beta signaling. J Cell Sci 
2000; 113: 1101-1109.
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
79
Mizushima H, Miyazaki y, Kikkawa Y, Yamanaka N, Yasumitsu H, Misugi K, 
Miyazaki K. Differential expression of laminin-5/ladsin subunits in human tissues 
and cancer cell lines and their induction by tumor promoter and growth factors. J 
Biochem 1996; 120: 1196-1202.
Mizushima H, Takamura H, Miyagi Y, Kikkawa Y, Yamanaka N, Yasumitsu H, 
Misugi K, Miyaski K. Identification of integrin-dependent and -independent cell 
adhésion domains in COOH-terminal globular région of laminin-5 cc3 chain. Cell 
Growth Differ 1997; 8: 979-987.
Montgomery RK, Mulberg AE, Grand RI. Development of the human 
gastrointestinal tract: twenty years of progress. Gastroenterology; 116: 702-731.
Moreau H, Laugier R, Gargouri Y, Ferraro F, Verger R. Human preduodenal 
lipase is entirely of gastric fiindic origin. Gastroenterology 1988; 95:1221-1226.
Moreau H, Bemadac A, Trétout N, Gargouri Y, Ferraro F, Verger R. 
Immunocytochemical localization of rabbit gastric lipase and pepsinogen. Eur J 
Cell Biol 1990; 51: 165-172.
Moses HL, Yang EY, Pietenpol JA. TGF-beta stimulation and inhibition of cell 
prolifération: new mechanistic insights. Cell 1990; 63: 245-247.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
80
Motoyama T, Hojo H, Watanabe H. Comparison of seven cell lines derived from 
human gastric carcinomas. Acta Pathol Jpn 1986; 36: 65-83.
Muschler J, Lochter A, Roskelley CD, Yurchenco P, Bissell MJ. Division of labor 
among the a6p4 integrin, pi integrins, and E3 laminin receptor to signal 
morphogenesis and p-casein expression in mammaiy épithélial cells. Mol Biol 
Cell 1999; 10: 2817-2828.
Naef M, Munchiro Y, Friess H, Buchler MW, Korc M. Co-expression of heparin- 
binding EGF-like growth factor and related peptides in human gastric carcinoma. 
Int J Cancer 1996; 66: 315-321.
Nakamura K, Zhou CJ, Parente J, Chew CS. Pariétal cell MAP kinases: multiple 
activation pathways. Am J Physiol 1996; 271: G640-649.
Neubauer K, Kruger M, Quondamatteo F, Knittel T, Saile B, Ramadori G. 
Transforming growth factor-betal stimulâtes the synthesis of basement membrane 
protein laminin, collagen type IV and entactin in rat liver sinusoïdal endothélial 
cells. J Hepatol 1999; 31: 692-702.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
81
Nomizu M, Kuratomi Y, Song SY, Ponce ML, Hoffinan MP, Powell SK, Miyoshi 
K, Otaka A, Kleinman HK, Yamada Y. Identification of cell binding sequences in 
mouse laminin a l  chain by systematic peptide screening. J Biol Chem 1997; 272: 
32198-32205.
Oda T, Kanai Y, Oyama T, Yoshiura K, Shimoyama Y, Birchmeier W, Sugimura 
T, Hirohashi S. E-cadherin gene mutations in human gastric carcinoma cell lines. 
Proc Natl Acad Sci USA 1994; 91: 1858-1862.
Olsen PS, Poulsen SS, Kirkegaard P, Nexo E. Rôle of submandibular saliva and 
epidermal growth factor in gastric cytoprotection. Gastroenterology 1984; 87: 103- 
108.
Pai R, Tamawski A. Signal transduction cascades triggered by EGF receptor 
activation: relevance to gastric injuiy repair and ulcer healing. Dig Dis Sci 1998; 
43: 14S-22S.
Paulsson M. Basement membrane proteins: structure, assembly and cellular 
interactions. Crit Rev Biochem Mol Biol 1992; 27:93-127.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
82
Perreault N, Vachon P, Beaulieu JF. Appearance and distribution of laminin A 
chain isoforms and integrin cc2, a3, a6, (31, (34 subunits in the developing human 
intestinal mucosa. Anat Rec 1995; 242: 242-250.
Perreault N, Beaulieu JF. Primary cultures of fully differentiated and pure human 
intestinal épithélial cells. Exp Cell Res 1998; 245: 34-42.
Perreault N, Herring-Gillam FE, Desloges N, Belanger I, Pageot LP, Beaulieu JF. 
Epithelial vs mesenchymal contribution to the extracellular matrix in the human 
intestine. Biochem Biophys Res Commun 1998; 248: 121-126.
Podolsky DK, Babyasky MW. Growth and development of the gastrointestinal 
tract. 1995; Yamada T, editor. Texbook of Gastroenterology, 2nd ed. Lippincott 
Press, Philadelphia.
Rajagopal S, Moskal TL, Wang H, Chakrabarty S. Efficacy and specificity of 
antisense laminin chain-specific expression vectors in blocking laminin induction 
by TGFbetal: effect of laminin blockade on TGF betal-mediated cellular 
responses. J Cell Physiol 1999; 178: 296-303.
Rattner DW, Ito S, Rutten MJ, Silen W. A rapid method for culturing gunea pig 
gastric mucous cell monolayers. In Vitro Cell Dev Biol 1985; 21:453-462.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
83
Renshaw MW, Toksoz D, Schwartz MA. Involvement of the small GTPase Rho in 
integrin-mediated activation of mitogen-activated protein kinase. J Biol Chem 
1996; 271:21691-21694.
Roberts AB, Spom MB. The transforming growth factor-Ps. 1990; Spom and 
Roberts, editors. Peptide growth factors and their receptors. Springer-Verlag Inc, 
Berlin.
Roberts AB, Spom MB. Differential expression of the TGF-beta isoforms in 
embryogenesis suggests spécifie rôles in developing and adult tissues. Mol Reprod 
Dev 1992; 32: 91-98.
Roelen BA, Goumans MJ, van Rooijen MA, Mummery CL. Differential 
expression of BMP receptors in early mouse development. Int J Dev Biol 1997; 
41: 541-549.
Roskelley CD, Desprez PY, Bissell MJ. Extracellular matrix-dependent tissue- 
specifïc gene expression in mammary épithélial cells requires both physical and 
biochemical signal transduction. Proc Natl Acad Sci USA 1994; 91: 12387-12382.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
84
Roskelley CD, Bissell MJ. Dynamic reciprocity revisited: a continuous, 
bidirectional flow of information between cells and the extracellular matrix 
régulâtes mammary épithélial cell fonction. Biochem Cell Biol 1995; 73: 736-747.
Rousset M, Laburthe M, Pinto M, Chevalier G, Rouyer-Fessard C, Dussaulx E, 
Trugnan G, Boige N, Brun JL, Zweibaum A. Enterocytic différentiation and 
glucose utilization in the human colon tumor cell line Caco-2: modulation by 
forskolin. J Cell Physiol 1985; 123: 377-85.
Rousset M, Chantret I, Darmoul D, Trugnan G, Sapin C, Green F, Swallow D, 
Zweibaum A Réversible forskolin-induced impairment of sucrase-isomaltase 
mRNA levels, biosynthesis, and transport to the brush border membrane in Caco-2 
cells. J Cell Physiol 1989; 141: 627-35.
Rubin W, Ross LL, Sleisenger MH, Jeffries GH. The normal human gastric 
épithélia: a fine structural study. Lab Invest 1968; 19: 598-625.
Ruoslahti E. Integrins. J Clin Invest 1991; 87: 1-5.
Rutten MJ, Dempsey PJ, Solomon TE, Coffey RJ. TGF-alpha is a potent mitogen 
for primary cultures of guinea pig gastric mucous épithélial cells. Am J Physiol 
1993; 265: G361-369.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
85
Ryan MC, Tizard R, VanDevanter DR, Carter WG. Cloning of the LAMA3 gene 
encoding the ct3 chain of adhesive ligand epiligrin. Expression in wound repair. J 
Biol Chem 1994; 269: 22779-22787.
Salenius P. On the ontogenesis of the human gastric épithélial cells: an histologie 
and histochemical study. Acta Anatomica 1962; 50: S. Karger Press, NY.
Sanders MJ, Amirian DA, Ayalon A, Soll AH. Régulation of pepsinogen release 
from canine chief cells in primary monolayer culture. Am J Physiol 1993; 245: 
G641-646.
Sanderson IR, Ezzel RM, Kedinger M, Erlanger M, Xu ZX, Pringault E, Leon- 
Robine S, Louvard D, Walker WA. Human fetal enterocytes in vitro: modulation 
of the phenotype by extracellular matrix. Proc Natl Acad Sci USA 1996; 93: 7717- 
7722.
Scheutz EG, Li K, Omiecinski CJ, Muller-Eberhad U, Kleinman HK, Elswick B, 
Guzelian PS. Régulation of gene expression in adult rat hépatocytes cultured on a 
basement membrane matrix. J Cell Physiol 1988; 134: 309-323.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
86
Sethi T, Ginsberg MH, Downward J, Hughes PE. The small GTP-binding protein 
R-Ras can influence integrin activation by antagonizing a Ras/Raf-initiated 
integrin suppression pathway. Mol Biol Cell 1999; 10: 1799-1809.
Shattil SJ, Ginsberg MH. Integrin signaling in vascular biology. J Clin Invest 
1997; 100: S91-S95.
Short SM, Boyer JL, Juliano RL. Integrins regulate the Iinkage between upstream 
and downstream events in G-coupled receptor signaling to mitogen-activated 
protein kinase. J Cell Biol 2000; 275: 12970-12977. ^
Silberstein GB, Flanders KC, Roberts AB, Daniel CW. Régulation of mammary 
morphogenesis: evidence for extracellular matrix-mediated inhitition of ductal 
budding by transforming growth factor-beta 1. Dev Biol 1992; 152: 354-362.
Smith H. In vitro properties of épithélial cell lines established from human 
carcinomas and nonmalignant tissue. J Natl Cancer Inst 1979; 62: 225-230.
Spom MB, Roberts AB. Transforming growth factor-beta: recent progress and 
new challenges. J Cell Biol 1992; 119: 1017-1021.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
87
Stahl S, Weitzman S, Jones JC. The rôle of laminin-5 and its receptors in 
mammary épithélial cell branching morphogenesis. J Cell Sci 1997; 110: 55-63.
Streeter GL. Weight, sitting head, head size, foot length and menstrual âge of the 
human embryo. Contr Embryol 1920; 11: 143-171.
Streuli CH, Bailey N, Bisscll MJ. Control of mammary épithélial différentiation: 
tissue-specific gene expression in the absence of cell-cell interaction and 
morphological polarity. J Cell Biol 1991; 115: 1383-1395.
Streuli CH, Schmidhauser C, Bailey N, Yurchenco P, Skubitz AP, Roskelley C, 
Bissell MJ. Laminin médiates tissue-specific gene expression in mammary 
épithélia. J Cell Biol 1995; 129: 591-603.
Stromberg K, Pigott DA, Ranchalis JE, Twardzik DR. Human term placenta 
contains transforming growth factors. Biochem Biophys Res Commun 1982; 121: 
354-361.
Symington BE, Takada Y, Carter WG. Interaction of integrins a3pi and a2[51: 
potential rôle in kératinocyte intercellular adhésion. 1993; 120: 523-535.
Szecsi PB. The aspartic proteases. Scand J Clin Lab Invest 1992; 52: 5-9.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
88
Takahashi M, Ota S, Shimata T, Hamada E, Kawabe T, Okudaira T, Matsumura 
M, Kaneko N, Terano A, Nakamura T. Hepatocyte growth factor is the most 
potent endogenous stimulant of rabbit gastric épithélial cell prolifération and 
migration in primary culture. J Clin Invest 1995; 95: 1994-2003.
Tani T, Lehto VP, Virtanen I. Expression of laminins 1 and 10 in carcinoma cells 
and comparison of their rôles in cell adhésion. Exp Cell Res 1999; 248: 115-121.
Terano A, Ivey KJ, Stachura J, Sekhon S, Hosojima H, McKenzie WN, Krause 
WJ, Wyche JH. Cell culture of rat gastric fimdic mucosa. Gastroenterology 1982; 
1280-1291.
Timpl R. Structure and biological activity of basement membrane proteins. Eur J 
Biochem 1989; 180:487-502.
Timpl R, Brown JC. The laminins. Matrix Biol 1994; 14: 275-281.
Timpl R, Brown JC. Supramolecular assembly of basement membranes. Bioessays 
1996; 18: 123-132.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
89
Tombes RM, Auer KL, Mikkelsen R, Valérie K, Wymann MP, Marshall CJ, 
McHamon M, Dent P. The mitogen-activated protein (MAP) kinase cascade can 
either stimulate or inhibit DNA synthesis in primary cultures of rat hépatocytes 
depending upon whether its activation is acute/phasic or chronic. Biochem J 1998; 
330: 1451-1460.
Tremblay E, Ménard D. Differential expression of extracellular matrix 
components during the morphogenesis of human gastric mucosa. Anat Rec 1996; 
245: 668-676.
Tremblay E, Monfils S, Ménard D. Epidermal growth factor influences cell 
prolifération, glycoproteins, and lipase activity in human fetal stomach. 
Gastroenterology 1997; 112:1188-1196.
Underwood PA, Bennett FA, Kirkpatrick A, Bean PA, Moss BA. Evidence for the 
location of a binding sequence for the a2(31 integrin of endothélial cells, in the a l  
subunit of laminin. Biochem J 1995; 309: 765-771.
Vachon PH, Beaulieu JF. Extracellular heterodimeric laminin promûtes 
différentiation in human enterocytes. Am J Physiol 1995; 268: G857-867.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
90
Vachon PH, Loechel F, Xu H, Wever UM, Engvall E. Merosin and laminin in 
myogenesis; spécifie requirement for merosin in myotube stability and survival. J 
Cell Biol 1996; 134: 1483-1497.
Virtanen I, Tani T, Back N, Happola 0 , Laitinen L, Kiviluto T, Salo J, Burgeson 
RE, Lehto VP, Kivilaasko E. Differential expression of laminin chains and their 
integrin receptors in human gastric mucosa. Am J Pathol 1995; 147: 1123-1132.
Vukicevic S, Kleinman HK, Luyten FP, Roberts AB, Roche NS, Reddi AH. 
Identification of multiple active growth factors in basement membrane Matrigel 
suggests caution in interprétation of cellular activity related to extracellular matrix 
components. Exp Cell Res 1992; 202: 1-8.
Wary KK, Mainiero F, Isakoff SJ, Marcantonio EE, Giancotti FG. A requirement 
for caveolin-land associated kinase Fyn in integrin signaling and anchorage- 
dependent cell growth. Cell 1996; 87: 733-743.
Wayner EA, Gil SG, Murphy GF, Wilke MS, Carter WG. Epiligrin, a component 
of épithélial basement membranes, is an adhesive ligand for cx3(31 positive T 
lymphocytes. J Cell Biol 1993; 121: 1141-1152.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
91
Woods DD, Parry D, Cherwinski H, Bosch E, Lees E, McMahon M. Raf-induced 
prolifération or cell cycle arrest is determined by the level of Raf activity with 
arrest mediated by p21cipl. Mol Cell Biol 1997; 17: 5598-5611.
Watkins JB. Mechanisms of fat absorption and the development of gastrointestinal 
function. Pediatr Clin North Am 1975; 22: 721-730.
Wu Z, Woodring PJ, Bhakta KS, Tamura K, Wen F, Feramisco JR, Karin M, 
Wang JY, Puri PL. p38 and extracellular signal-regulated kinases regulate the 
myogénie program at multiple steps. Mol Cell Biol 2000; 20: 3952-3964.
Yamashita H, ten Dijke P, Franzen P, Miyazono K, Heldin CH. Formation of 
hetero-oligomeric complexes of type I and type II receptors for transforming 
growth factor-beta. J Biol Chem 1994; 269: 20172-20178.
Yao CC, Ziober BL, Squillace RM, Kramer RH. cc7 integrin médiates cell 
adhésion and migration on spécifie laminin isoforms. J Biol Chem 1996; 271: 
25598-25603.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
92
Yoshida K, Kyo E, Tsujuno T, Sano T, Niimoto M, Tahara E. Expression of 
epidermal growth factor, transforming growth factor-alpha and their receptor 
genes in human gastric carcinomas; implication for autocrine growth. Jpn J Cancer 
Res 1990;81:43-51.
Yu SJ, Boudreau F, Désilet A, Houde M, Rivard N, Asselin C. Atténuation of 
haptoglobin gene expression by TGFbeta requires the MAP kinase pathway. 
Biochem Biophys Res Commun 1999; 259: 544-549.
Zang Y, Derynck R. Régulation of SMAD signalling by protein associations and 
signalling crosstalk. Trends Cell Biol 1999; 9: 274-297.
Zhang K, Kramer RH. Laminin 5 déposition promûtes kératinocyte motility. Exp 
Cell Res 1996; 227: 309-322.
Zweibaum A, Triadou N, Kedinger M, Augeron C, Robine-Leon S, Pinto M, 
Rousset M, Haffen K. Sucrase-isomaltase: a marker of foetal and malignant 
épithélial cells of the human colon. Int J Cancer. 1983; 32: 407-412.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
